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Transpiration,  or  moisture  transfer  from  fresh  fruits 
and  vegetables  to  the  ambient  air,  is  a major  cause  of  loss 
during  storage,  handling  and  marketing  of  these  perishable 
commodities . Losses  occur  not  only  due  to  reduction  in 
salable  weight,  but  due  to  quality  deterioration  as  well. 

A thorough  understanding  of  all  factors  affecting  transpira- 
tion would  help  in  accurate  prediction  of  moisture  loss 
rates,  so  that  conditions  for  refrigerated  storage  could 
be  optimized,  and  storage  systems  could  be  better  designed 
to  maintain  quality. 

It  was  found,  from  a review  of  the  literature,  that  the 
major  factors  affecting  transpiration  rates  in  storage  were 
water  vapor  pressure  difference,  air  velocity,  product 
respiration  rate,  product  size  and  shape,  surface  structure 
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of  the  product,  maturity,  time  after  harvest  and  the  con- 
centration of  soluble  solids  within  the  fruit.  Other 
phenomena  identified  as  requiring  consideration  were  evapo- 
rative cooling  effects  and  skin  permeability  changes  due  to 
moisture  loss. 

From  the  above  considerations,  a mathematical  model 
was  developed  for  the  prediction  of  transpiration  rates  of 
spherically  shaped  fruits  covered  with  a skin  that  was 
largely  impervious  in  nature.  The  model  considers  all  the 
factors  listed  except  maturity  and  time  of  harvest,  the 
effects  of  which  are  difficult  to  quantify.  The  analysis 
considers  evaporative  and  diffusive  phenomena  through  a 
single  pore  of  the  fruit,  and  the  result  is  summed  over  all 
the  pores.  The  model  consists  of  two  equations:  one  for  the 
determination  of  transpiration  rate,  and  the  other  for 
accurate  calculation  of  temperature  of  the  evaporating 
surface  corresponding  to  the  calculated  transpiration  rate. 
If  two  skin  parameters- -the  fractional  pore  area  and  the 
thermal  conductivity  of  the  pore  material--are  known, 
transpiration  rates  can  be  calculated  by  iterative  use  of 
the  two  equations  in  the  model. 

ihe  experimental  work  consisted  of  determination  of 
the  skin  parameters.  Batches  of  tomatoes  of  the  FTE-12 
variety  were  placed  within  four  controlled  environments  at 
the  same  temperature  but  different  relative  humidities. 
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Measurements  of  moisture  loss,  respiration  rate,  dew  point 
and  dry  bulb  temperature  were  made.  In  all,  data  were 
obtained  at  3 storage  temperatures  and  therefore  12  test 
environments.  Surface  areas  of  144  fruit  were  measured 
in  an  attempt  to  develop  an  empirical  relation  for  direct 
estimation  of  surface  area  from  mass.  Fruit  radii  and 
SKin  thicknesses  were  measured  for  use  in  the  mathematical 
model.  The  skin  parameters  were  calculated  from  transpi- 
ration data  at  two  different  environmental  conditions. 

The  average  value  of  the  fractional  pore  areas  was 
found  to  be  0.000317,  indicating  that  only  a very  small 
fraction  of  the  surface  could  be  considered  as  porous, 
j-he  thermal  conductivity  of  the  pore  material  was  found 
to  be  1.652  cal/cm  hr°C. 

Using  the  values  of  the  skin  parameters,  theoretical 
predictions  were  made  for  transpiration  rates  at  the  other 
tested  environmental  conditions.  The  predicted  values  were 
compared  to  the  measured  data,  and  the  two  were  found  to  be 
m close  agreement.  Furthermore,  the  model  helped  to  account 
for  the  nonlinear  trend  in  transpiration  rate  with  vapor 
pressure  difference  that  had  been  observed  in  the  litera- 
ture. A slight  decreasing  trend  was  observed  in  the  mean 
fractional  pore  area  with  increasing  vapor  pressure  differ- 
ence, but  the  trend  was  not  found  to  be  statistically 
significant . 
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Other  results  presented  include  an  empirical  relation 
between  fruit  surface  area  and  fruit  mass,  and  a list  of 
transpiration  coefficients  of  FTE-12  tomatoes  on  a per  unit 
mass  basis. 
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CHAPTER  I 


INTRODUCTION 


Maintenance  of  quality  in  freshly  harvested  fruits  and 
vegetables  is  essential  from  an  economic  standpoint,  and 
represents  a constant  challenge  to  food  engineers  and  post- 
harvest horticulturists.  The  challenge  of  maintaining 
quality  is  basically  one  of  prolonging  life.  The  processes 
that  are  so  essential  for  the  maintenance  of  life  in  horti- 
c- Itural  products  are  also  those  which  cause  deterioration 
and  eventually,  cessation  of  physiological  functions.  The 
only  solution  appears  to  be  a minimization  of  the  rate  of 
life  processes  of  the  fruit  or  vegetable,  without  causing 
damage  of  disease  in  the  application  of  such  methods  of 
minimization.  However,  even  if  the  commodity  in  question 
is  nutritionally  acceptable  after  a period  of  storage,  it 
may  not  be  salable  due  to  an  unattractive  physical  appear- 
ance. Thus,  a very  important  economic  consideration  is  the 
maintenance  of  salability. 

Transpiration,  or  moisture  transfer  from  fresh  fruits 
and  vegetables  to  the  ambient  air,  is  a major  cause  of  loss, 
both  in  terms  of  salable  weight  and  salable  quality.  Some 
moisture  loss  is  inevitable  and  can  be  tolerated  to  some 
extent.  However,  many  fruits  and  vegetables  will  appear 
shriveled  or  wilted  after  a water  loss  of  only  a small 
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percentage  (3/o  to  5/0)  of  their  original  weight.  In  many 
cases,  the  loss  may  be  great  enough  to  cause  the  commodity 
to  shrivel,  impair  the  flavor  and  texture  and  lower  market 
quality . 

Moisture  losses  can  be  restricted  in  many  cases  by 
waxing  or  packaging.  However,  it  is  still  necessary  to 
maintain  some  avenues  for  gaseous  interchange  between  the 
commodity  and  the  environment  in  order  that  respiratory 
processes  may  proceed  normally.  Another  method  of  reducing 
transpiration  would  be  storage  in  an  environment  nearly 
saturated  with  water  vapor,  but  such  environments  are  highly 
conducive  to  the  growth  of  decay-producing  microorganisms. 
Suorage  under  precisely  saturated  conditions  has  been  found 
to  inhibit  microorganism  growth,  but  weight  loss  occurs 
even  under  these  conditions. 

In  addition  to  contributing  to  deterioration  of  stored 
products,  moisture  losses  constitute  a large  part  of  the 
latent  heat  load  in  refrigerated  storage.  Another  situation 
where  transpiration  becomes  an  important  consideration  is 
precooling,  where  the  product  is  sometimes  exposed  to  very 
high  water  vapor  pressure  gradients. 

A thorough  understanding  of  this  mechanism  of  moisture 
transfer  would  help  in  accurate  prediction  of  moisture 
losses.  Thus,  conditions  for  refrigerated  storage  could 
be  optimized,  and  storage  systems  could  be  designed  to 
maintain  the  initial  quality  of  the  produce  for  a longer 
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period  of  time.  Such  predictions  would  also  help  in  making 
economic  decisions  on  scheduling  of  refrigerated  shipments. 

Variables  affecting  transpiration  have  been  known  for 
some  time,  but  relatively  little  work  has  been  done  on  the 
quantification  of  these  variables  for  accurate  prediction. 
This  research  is  aimed  at  identification  of  all  variables 
associated  with  transpiration,  and  the  development  of  a 
mathematical  model  for  prediction  of  the  same.  Due  to  the 
large  number  of  variables  involved,  the  mathematical  model 
and  experimentation  are  done  on  a single  commodity.  The 
commodity  chosen  for  study  is  the  tomato  (Lycopersicon 
esculentum,  cultivar  FTE-12)  which  is  convenient  for  study 
in  that  its  shape  can  be  approximated  as  spherical.  In 
addition,  the  tomato  possesses  a relatively  impervious  and 
uniform  skin  layer,  which  is  representative  of  many  fruit 
types . The  mathematical  model  developed  for  transpiration 
of  tomatoes  is  used  as  a predictor,  and  the  values  obtained 
from  it  are  compared  with  experimental  data  to  test  model 
accuracy . 


CHAPTER  II 


LITERATURE  REVIEW 

Information  Available  in  the  Literature 

The  fruits  and  vegetables  considered  in  the  literature 
search  for  transpiration  rates  were  apples,  brussels  sprouts, 
cabbage,  carrots,  celery,  grapefruit,  grapes,  leeks,  lemons, 
lettuce,  onions,  oranges,  parsnips,  peaches,  pears,  plums, 
potatoes,  rutubagas , and  tomatoes.  Transpiration  of  fruits 
and  vegetables  in  storage  is  a topic  that  has  not  received 
much  attention  in  the  general  area  of  fruit  and  vegetable 
storage,  as  respiration  has  been  of  greater  interest  to 
most  researchers.  There  was  information  in  the  literature 
regarding  the  transpiration  rates  of  each  of  these  fruits 
and  vegetables.  However,  the  transpiration  behavior  of  most 
of  these  fruits  and  vegetables  has  not  been  thoroughly 
investigated.  Information  is  especially  scarce  in  the  cases 
of  commodities  such  as  brussel  sprouts,  celery,  leeks,  lemons, 
lettuce,  parsnips,  peaches,  plums  and  rutabagas.  There  is 
a relative  abundance  of  literature  on  the  transpiration 
behavior  of  apples  and  potatoes;  some  of  which  is  very 
thorough.  This,  however,  is  not  to  imply  that  a more  com- 
plete investigation  of  the  transpiration  rates  of  apples  and 
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potatoes  is  not  needed.  Since  no  single  researcher  appears 
to  have  considered  all  factors  affecting  transpiration,  it 
would  be  desirable  to  approach  the  problem  with  a knowledge 
of  all  currently  known  variables. 

Before  further  discussion  of  transpiration,  it  is 
appropriate  to  define  some  of  the  common  terminology.  Some 
frequently  used  terms  are  defined. 

The  transpiration  coefficient  of  a fruit  or  vegetable 
is  the  mass  of  moisture  transpired  per  unit  surface  area 
of  commodity,  per  unit  water  vapor  pressure  difference  per 
time,  and  is  assumed  to  be  a property  of  the  commodity 
only.  In  many  cases  involving  practical  application,  the 
inconvenience  in  measurement  of  surface  areas  of  irregularly 
shaped  commodities  necessitates  that  there  be  an  alternate 
definition.  Thus,  transpiration  coefficients  may  sometimes 
be  expressed  per  unit  mass  of  the  commodity  instead  of  per 
unit  surface  area. 

The  transpiration  rate  of  a fruit  or  vegetable  is  the 
mass  of  moisture  transpired  per  unit  surface  area  of  the 
commodity  per  unit  time.  This  quantity,  too,  is  sometimes 
expressed  per  unit  mass  of  the  commodity  rather  than  per 
unit  surface  area.  The  transpiration  rate  of  a given 
commodity  will,  of  course  vary  significantly  with  the 
vapor  pressure  difference,  among  other  factors. 
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Discusssion  of  Factors  Affecting  Transpiration 

There  are  numerous  factors  that  affect  transpiration 
rates  or  transpiration  behavior  of  stored  fruits  and 
vegetables.  There  are  also  a number  of  phenomena  associ- 
ated with  transpiration.  The  following  is  a discussion  of 
these  factors  and  phenomena  and  their  relationships  to 
transpiration.  The  discussion  is  based  on  important  infor- 
mation obtained  from  this  literature  review. 

Water  Vapor  Pressure  Deficit 

Transpiration,  defined  as  a process  of  moisture 
transfer  through  evaporation  and  diffusion,  is  governed 
by  temperatures  and  relative  humidities.  Fruits  and  vege- 
tables typically  contain  from  80  to  95%  water  depending  on 
the  species.  This  water  is  contained  in  the  intercellular 
spaces  of  the  fruits  and  vegetables,  and  hence,  it  may  be 
assumed  that  this  internal  atmosphere  is  in  a saturated 
condition.  Transpiration  is  brought  about  primarily  by  a 
difference  in  the  water  vapor  pressure  in  the  interior  of 
the  fruit  or  vegetable,  and  the  water  vapor  pressure  of  the 
environment.  The  vapor  pressure  within  the  commodity,  when 
fresh,  is  commonly  thought  to  depend  solely  on  the  tempera- 
ture of  the  commodity,  while  the  vapor  pressure  of  the 
surroundings  is  affected  by  its  temperature  and  humidity. 
The  transpiration  rates  of  fruits  and  vegetables  have  been 
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observed  by  nearly  all  researchers  to  have  a linear  relation- 
ship to  the  vapor  pressure  deficit.  In  considering  the 
transpiration  process,  it  is  generally  important  to  consider 
the  vapor  pressure  of  the  product  at  its  surface  temperature, 
as  it  is  here  that  the  actual  process  occurs. 

If  the  temperature  of  the  product  is  higher  than  that 
of  the  surroundings,  transpiration  will  occur  even  if  the 
surrounding  environment  is  saturated,  since  the  vapor 
pressure  within  the  product  is  higher.  On  the  other  hand, 
if  the  temperature  of  the  environment  is  higher  than  that 
of  the  product,  the  transpiration  rate  will  be  governed 
by  the  humidity  of  the  environment  and  by  the  transfer  of 
heat  to  the  product  from  the  environment.  Thus,  from  a 
physical  viewpoint,  many  fruits  and  vegetables  may  be 
considered  to  be  reservoirs  of  moisture  covered  by  membranes 
through  which  diffusion  occurs. 

Transpiration  is  akin  to  drying  of  biological  products 
during  the  constant  rate  period,  i.e.,  the  drying  front  is 
at  the  surface  of  the  commodity.  The  falling  rate  periods 
of  drying  can  be  ignored  in  the  study  of  transpiration, 
since  fresh  fruits  and  vegetables  have  a moisture  content 
well  above  the  critical  value  (the  value  beyond  which  the 
drying  front  moves  into  the  interior  commodity) . 

There  is  general  agreement  among  researchers  regarding 
the  effects  of  vapor  pressure  deficits  on  transpiration. 
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At  constant  absolute  humidity,  the  higher  the  environmental 
temperature,  the  higher  will  be  the  rate  of  transpiration 
(due  to  the  greater  vapor  pressure  deficit) . At  constant 
temperature,  the  higher  the  absolute  humidity,  the  lower  the 
transpiration  rate.  Only  two  exceptions  were  noted  in  the 
literature.  Schaper  and  Hudson  (63)  found  no  relationship 
between  vapor  pressure  deficit  and  moisture  losses  of 
potatoes.  Ap pieman  et  al . (3)  noted  a decrease  in  trans- 
pirati°n  rates  of  potatoes  with  increasing  storage  tempera- 
ture, and  attributed  this  to  the  more  rapid  healing  of 
wounds  at  the  higher  temperatures . 

The  mathematical  model  that  has  commonly  been  used  to 
calculate  transpiration  rates  is  the  linear  model,  where 
the  transpiration  rate  is  directly  proportional  to  the 
vapor  pressure  difference. 

* = kta  * <PS  - Poo)  (2-1) 

where 

m — Transpiration  rate  of  the  commodity  on  a per 
unit  area  basis 

kta  = Transpiration  coefficient  of  commodity  on  a 
per  unit  area  basis,  assumed  constant 

p = Water  vapor  pressure  at  the  evaporating 
surface 

Poo  = Ambient  water  vapor  pressure 
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This  model  is  applied  primarily  to  storage  situations  where 
steady-state  conditions  exist,  and  the  commodity  is  assumed 
to  be  in  thermal  equilibrium  with  the  environment.  The 
model  has  also  been  used  with  the  transpiration  rate  and 
coefficient  expressed  on  a per  unit  mass  basis.  The 
ambient  water  vapor  pressure  has  been  calculated  from  the 
temperature  and  humidity  of  the  environment.  The  water 
vapor  pressure  at  the  evaporating  surface  has  been  assumed 
to  be  the  saturation  vapor  pressure  at  the  ambient  dry  bulb 
temperature.  This  model  has  been  used  by  Wells  (79), 

Gentry  (23) , Dypolt  (14) , Talbot  (73)  and  a number  of  other 
researchers . 

Deviations  have  been  observed  between  the  predictions 
of  this  model  and  measured  data.  For  example,  if  the 
environment  is  saturated,  and  at  the  same  temperature  as 
the  commodity,  there  should,  theoretically  be  no  moisture 
loss.  However,  moisture  losses  have  been  noted  even  under 
these  conditions.  The  reasons  for  these  deviations  are 
discussed  in  later  sections  on  respiration,  skin  permeability 
decreases  and  endothermic  effects. 

Air  Movement 

Several  investigators  have  considered  the  effect  of 
movement  on  the  transpiration  rates  of  fruits  and 
vegetables,  and  most  have  concluded  that  air  movement  has 
a slight  but  not  very  significant  effect  on  transpiration 


rate . 
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As  a commodity  loses  moisture,  the  microenvironment 
surrounding  it  tends  to  be  saturated  due  to  the  localized 
moisture  buildup.  Air  movement  dissipates  this  saturated 
air  and  replaces  it  with  environmental  and  presumably 
unsaturated  air,  thereby  tending  to  increase  transpiration. 
Beyond  a certain  air  velocity,  however,  as  has  been  noted 
by  Ape land  and  Baugerod  (2),  Pieniazek  (50,  53),  Ryall  and 
Lipton  (61),  and  Villa  (76),  further  increases  in  rate  of 
air  movement  have  very  little,  or  no  further  effect.  Lentz 
and  Rooke  (39)  noted  that  increased  air  velocity  did  not 
result  in  any  appreciable  increase  in  the  rate  of  moisture 
loss.  Gac  (21)  noted  that  pears  exposed  to  higher  air 
velocities  lost  more  moisture  than  those  exposed  to  lower 
air  velocities  in  storage.  Pieniazek  (50,  53),  reporting 
the  results  of  earlier  research  on  apples  by  English  workers, 
stated  that  air  velocities  of  up  to  4 meters  per  minute 
tended  to  increase  transpiration  rates,  while  any  further 
increases  in  air  velocity  resulted  in  a decrease  in  the 
rate  of  transpiration.  However,  in  his  own  research  he 
noted  no  such  decreases,  but  a leveling  off  in  transpiration 
rates  of  apples  for  velocities  greater  than  4 meters  per 
minute . 

Air  velocity  may  have  other  effects  on  transpiration 
rates  of  fruits  and  vegetables.  Increasing  air  velocity 
and,  consequently,  Reynolds  number  affects  the  heat  and 
mass  transfer  coefficients.  Jason  (36),  in  his  studies 
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on  evaporation  and  diffusion  in  the  drying  of  fish  muscle, 
stated  that  the  ratio  of  heat  to  mass  transfer  coefficients 
was  practically  constant  for  convective  heat  and  mass 
transfer  except  at  low  values  of  the  Reynolds  number 
(<100)  below  which  the  relative  effect  of  natural  evapor- 
ation became  more  pronounced.  The  variation  in  the  values 
of  the  heat  and  mass  transfer  coefficients  is  an  important 
effect  of  air  velocity  on  transpiration  and  should  be 
considered. 

Respiration 

Respiration  is  the  most  important  of  all  life  processes 
of  fruits  and  vegetables.  The  chemical  equation  for 
respiration  may  be  written  as 

c6  Hi2  °6  + 602  6C02  + 6H2O  + 673  KCal 

It  has  commonly  been  assumed  by  many  investigators 
that  the  only  weight  loss  due  to  respiration  is  through 
the  carbon  dioxide  released.  Karmarkar  and  Joshi  (37)  and 
Schippers  (64)  considered  the  loss  of  substrate  during  the 
respiration  process  to  be  the  only  respiration  loss.  How- 
ever, it  has  been  noticed  that  respiration  causes  losses 
through  generation  of  heat  within  fruits  and  vegetables. 

The  role  of  respiration  and  its  relation  with  transpiration 
is  a somewhat  complex  process  and  has  been  studied  by 
several  researchers. 
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Butchbaker  et  al.  (5)  studied  the  weight  losses  of 
potatoes  due  to  respiration  and  attempted  to  determine 
these  losses  by  measuring  the  rate  of  carbon  dioxide 
production  of  tubers  and  multiplying  this  by  the  ratio 
32/22  (the  ratio  of  C02  + water  vapor  and  CO2  molecular 
weight).  The  correct  value  of  this  ratio  is  31/22,  but 
the  value  was  printed  as  32/22  in  the  paper.  This,  however, 
was  based  on  the  assumption  that  both  the  carbon  dioxide 
and  the  water  released  during  the  respiration  process 
escaped  to  the  environment.  This  assumption  is  question- 
able, since  it  does  not  take  into  account  the  effects  of 
the  heat  of  respiration.  Furthermore,  Appleman  et  al.  (3), 
in  their  studies  on  potatoes,  stated  that  the  water 
liberated  as  part  of  respiration  becomes  a part  of  the 
water  content  of  the  tissues  and  any  loss  of  this  water 
is  included  in  the  water  of  transpiration.  They  further 
stated  that  there  is  no  evidence  that  respiratory  water 
influences  the  rate  of  evaporation  of  water  from  the 
tissues . 

Meffert  (46),  discussing  the  role  of  the  heat  of 
respiration,  stated  that  it  could  be  dissipated  in  two 
ways:  through  direct  heat  transfer  to  the  environment  and 

through  evaporation  of  water  according  to  the  existing  vapor 
pressure  deficit.  Other  researchers  have  studied  the  role 
of  the  heat  of  respiration.  Lentz  and  Rooke  (39),  in  their 
studies  on  apples,  noted  that  the  fruits  lost  small  amounts 
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of  moisture  even  when  the  air  in  storage  was  saturated, 
and  initially  at  the  same  temperature  as  the  commodities. 
They  attributed  this  loss  to  the  effect  of  the  heat  of 
respiration  which  tended  to  raise  the  temperature  of 
commodities,  create  a vapor  pressure  deficit,  and  thereby, 
cause  evaporation.  Gac  (20,  21)  stated  that  the  heat  of 
respiration  caused  the  interior  of  the  fruit  to  be  at  a 
slightly  higher  temperature  than  the  environment,  so  that 
losses  occurred  even  in  saturated  environments.  Other 
researchers,  such  as  Holdsworth  (32)  and  HylmS  et  al.  (34) 
emphasized  the  necessity  for  considering  the  effect  of 
heat  of  respiration  on  the  transpiration  process. 

Other  interesting  studies  on  the  effect  of  transpira- 
tion were  conducted  by  Wardlaw  and  Leonard  (78),  who 
concluded  that  since  transpiration  tended  to  have  a 
cooling  effect  on  the  commodity,  the  rate  of  respiration 
would  be  somewhat  reduced. 

The  effects  of  respiration  appear  to  be  (a)  chemical 
effect  or  the  liberation  of  carbon  dioxide  and  water  and 
(b)  physical  effects  or  the  release  of  energy.  The  carbon 
dioxide  diffuses  to  the  environment,  while  it  appears  that 
the  water  remains  in  the  tissues.  The  heat  of  respiration 
tends  to  raise  the  temperature  of  the  product  and  either 
increase  transpiration  rates,  where  vapor  pressure  differ- 
ences already  exist,  or  cause  transpiration  in  saturated 
environments.  In  any  experimental  work  on  transpiration 


rates,  it  is  very  important  to  account  for  carbon  dioxide 
losses  due  to  respiration,  and  to  separate  these  from  the 
transpiration  losses. 

Size,  Shape  and  Surface  Area 
of  the  Commodity 

The  size,  shape  and  surface  area  of  a fruit  or  vege- 
table has  a significant  effect  on  its  transpiration.  Large 
products  possess  a smaller  surface  area  per  unit  weight 
than  small  ones,  of  the  same  variety,  and  hence  tend  to 
lose  less  moisture  on  a per  unit  weight  basis. 

The  effect  of  size  on  transpiration  has  been  investi- 
gated by  several  researchers,  notably  Wells  (79),  Wardlaw 
and  Leonard  (77),  Ghani  (24),  Smock  and  Neubert  (72),  a~  d 
the  results  confirm  the  theory.  Karmarkar  and  Joshi  (37), 
in  their  studies  on  the  effects  of  fruit  size  on  weight 
loss,  noted  that  small  fruits  possessed  thinner  skins  than 
larger  fruits,  and  that  this  could  be  another  cause  for  the 
noticed  trends  in  transpiration  rates. 

The  shape  of  a fruit  or  vegetable  could  also  affect 
the  ratio  of  surface  area  to  weight.  Apeland  and  Baugerod 
(2),  studying  weight  losses  in  carrots,  observed  that  long, 
thin,  and  cone-shaped  roots  lost  more  weight  than  thick, 
cylindrical  shaped  roots.  The  longer,  thinner  roots  showed 
a greater  tendency  to  shrivel  at  the  tips,  and  this  effect 
was  attributed  to  the  greater  surface  area  per  unit  weight 
of  these  roots. 
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The  shape  of  a fruit  or  vegetable  could  also  affect, 
to  some  extent,  the  flow  of  air  over  its  surface,  and 
hence,  the  heat  and  mass  transfer  coefficients.  This 
effect  was  considered  by  Villa  (76)  in  his  studies  on 
moisLure  losses  from  apples,  potatoes,  and  sugarbeets. 

In  the  estimation  of  a heat  transfer  coefficient,  the 
shape  of  the  product  would  have  to  be  taken  into  account. 

It  is  well  known  that  transpiration  from  a fruit 
or  vegetable  varies  with  surface  area.  It  is,  however, 
inconvenient  to  express  transpiration  rates  on  a per  unit 
basis,  because  of  the  difficulties  involved  in  accurate 
measurement  of  the  surface  areas  of  biological  products. 

Thus,  empirical  relations  may  have  to  be  developed  between 
the  surface  areas  and  volumes  of  fruits  and  vegetables. 

This  was  done  for  apples  and  potatoes  by  Villa  (76) , who 
studied  the  usefulness  of  different  surface  area  prediction 
methods.  Apeland  and  Baugerod  (2)  also  tried  to  develop 
relationships  between  surface  area  and  volume  for  carrots. 

It  is  clear  that  there  is  a necessity  for  expressing  surface 
areas  of  commodities  on  a per  unit  weight  basis  rather  than 
on  a per  unit  area  basis,  and  empirical  relations  would 
definitely  be  helpful. 

Surface  Structure 

Surface  structure  is  a very  important  aspect  of  studies 
on  transpiration.  If  vapor  pressure  deficit  represents  the 
driving  force  for  the  process,  the  surface  and  skin  structure 
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represent  the  interior  resistance,  and  the  air  film  represents 
the  exterior  resistance. 

The  water  in  a fruit  or  vegetable  may  be  lost  to  the 
environment  through  the  openings  in  the  skin  and  stems. 
Mitchell,  Guillou  and  Parsons  (47)  demonstrated  the  open 
structure  of  fruit  tissues  by  immersing  a pear  in  water 
and  injecting  air  .into  its  neck.  Bubbles  immediately 
appeared  all  over  the  surface,  indicating  the  loose  struc- 
ture of  the  fruit. 

The  surface  of  some  fruits  or  vegetables,  while  covered 
almost  entirely  by  an  impervious  waxy  coating,  presents 
many  avenues  for  loss  of  water:  stem  scars,  lenticels, 

stomata  (if  any),  wounds,  epidermal  hairs,  cracks  in  the 
surface,  etc. 

^fffirent  commodities  and  different  varieties  of  the 
same  commodity  have  different  epidermal  structures,  and 
therefore,  offer  different  resistances  to  moisture  dif- 
fusion. This  is  the  major  reason  for  variation  of  trans- 
piration  rate  between  varieties. 

Ihe  effect  of  surface  structure  on  transpiration  rates 
of  fruits  and  vegetables  has  been  the  subject  of  consider- 
able research.  Early  researchers  considered  the  thickness 
of  the  fruit  skin  to  be  a sole  indicator  of  the  resistance 
of  the  fruit  to  transpiration.  However,  W.  H.  Smith  (70), 
Hoffman  (31),  Pieniazek  (52),  Smock  and  Neubert  (72)  and 
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others  noted  no  correlation  between  the  cuticular  thickness 
of  apples  and  their  transpiration  rate. 

Many  researchers  have  attempted  to  find  the  avenues 
of  water  loss  from  commodities.  W.  H.  Smith  (70),  Smock 
and  Neubert  (72)  and  Horrocks  (33)  noted  that  the  number, 
size  and  distribution  of  lenticels  and  stomata  might  have 
an  effect  on  transpiration.  Since  most  fruits  either  have 
closed  stomata  or  none  at  all,  their  effects  have  not  been 
investigated.  The  role  of  lenticels  has  been  noted  by 
Pienrazek  (52) , who  stated  that  lenticular  transpiration 
accounts  for  8%  to  25%  of  total  transpiration  of  the 
varieties  he  studied.  There  was  little  change  in  the 
amount  of  lenticular  transpiration  during  storage,  and  he 
concluded  that  there  was  no  closure  of  lenticels  during 
this  period.  He  also  noted  that  the  number  and  size  of 
lenticels  had  no  correlation  with  the  rate  of  full  transpi- 
ration. 

Other  avenues  of  water  loss  have  been  noted.  Ben-Yehoshua 
(4)  stated  that  the  flavedo  portion  of  the  peel  of  the  orange 
fruit  was  the  main  site  of  resistance  to  gas  diffusion. 

Ryall  and  Harvey  (60)  stated  that  grape  berries  have  a rela- 
tively  impervious  skin  and  do  not  give  up  moisture  readily, 
so  moisture  is  lost  largely  through  the  stems. 

Hoffman  (31),  in  his  studies  on  snap  bean  pods,  noted 
that  weight  loss  increased  in  proportion  with  the  number  of 
epidermal  hairs  and  also  with  the  number  of  broken 


or  missing 
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hairs.  There  was  no  correlation  between  weight  loss  and 
stoma  count,  hair  length,  mesocarp  and  endocarp  cell  diam- 
eters, depths  of  endocarp,  mesocarp,  epidermis  and  cutin. 

ihe  natural  waxy  coating  of  the  surfaces  of  most 
j-ruits  and  vegetables  has  been  investigated  by  several 
researchers.  Horrocks  (33)  and  Christopher  and  Pieniazek 
(7)  noted  that  the  wax  deposit  on  the  surface  of  fruits 
has  significant  effects  on  moisture  loss.  Pieniazek  (51), 
found  that  wiping  off  the  wax  from  apples  causes  increased 
rates  of  transpiration  that  will  not  be  suppressed  by  the 
new  layer  of  wax  that  forms  on  the  skin. 

The  wax  structure  of  the  surfaces  of  grapes  has  been 
studied  by  Possingham  et  al.  (55),  Grncarevic  and  Radler 
(28),  Radler  (57)  and  Chambers  and  Possingham  (6).  They 
found  that  the  waxy  coating  on  the  surfaces  of  fruits  is 
composed  of  soft  wax  (long  chain  alcohols,  aldehydes,  free 
acids,  esters,  hydrocarbons)  that  can  easily  be  removed 
by  petroleum  ether,  and  hard  wax  (mainly  oleanolic  acid) 
which  can  be  removed  by  using  chloroform.  The  soft  wax 
fractions  are  the  active  components  of  the  grape  cuticle 
and  prevent  losses  by  acting  as  a hydrophobic  layer.  The 
hard  wax  fraction  appears  to  have  no  effect  on  evaporation 
and  the  wax- free  epidermis  is  not  an  important  vapor  barrier. 

Golovkin  and  Kuzmin  (26),  in  their  studies  on  apples, 
noted  that  the  nonacosane  content  in  the  wax  of  apples  may 
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have  an  important  relationship  to  the  keeping  quality. 
Martin  and  Stott  (43)  noted  that  the  drying  rate  of  Sultana 
grapes  is  inversely  proportional  to  the  amount  of  cuticle 
present  as  determined  by  extraction  with  chloroform. 

Surface  structures  of  fruits  may  have  other  effects. 
Maxie  (45)  states  that  peaches  have  epidermal  hairs  that 
resist  dissipation  of  high  moisture  areas  near  the  sur- 
face, and  hence  cause  the  fruits  to  lose  less  moisture 
than  smooth  skinned  fruits. 

Thus,  the  surfaces  of  fruits  and  vegetables  may  be 
regarded  as  largely  impervious  to  moisture  (generally  due 
to  the  waxy  coating  in  the  case  of  fruits,  and  an  impervious 
skin  in  the  case  of  vegetables)  but  with  several  avenues 
for  moisture  loss,  such  as  lenticels,  stomata,  stems,  stem 
scars,  cracks,  etc.  Removal  of  the  waxy  coating  from  the 
surfaces  of  some  fruits  would  result  in  an  increased  rate 
of  transpiration.  In  cases  of  vegetables  without  a skin, 
such  as  lettuce,  cabbage  and  carrots,  the  surface  of  the 
fruit  behaves  more  as  a free  water  surface. 

There  are  several  types  of  treatments  that  would  affect 
the  surface  structure,  such  as  waxing  (of  apples,  pears, 
etc.)  and  curing  (potatoes  and  onions).  Curing  of  potatoes 
allows  healing  of  wounds  and  reduces  moisture  lossesaccording 
to  Schippers  (65),  and  Martynova  and  Zhadan  (44).  Curing 
of  onions  dries  out  the  outer  scales  and  neck  of  the  onions 
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and  also  reduces  moisture  losses,  as  noted  by  Wright  et  al. 
(82),  and  vandenBerg  and  Lentz  (75). 

Attempts  have  been  made  by  some  investigators  (notably 
Gentry  (23)),  to  measure  separately  the  permeabilities  of 
fruit  skins  by  removing  them  from  the  fruit.  Gac  (19) 
notes  that  peeling  would  not  be  a reliable  method,  due 
to  damage  to  the  delicate  epidermal  structure  that  would 
be  caused  by  peeling,  and  any  values  obtained  from  such 
a method  would  probably  not  be  applicable  to  the  intact 
fruit . 

Development  of  a mathematical  model  for  describing 
the  surface  structure  of  fruits  and  vegetables  has  been 
attempted  by  Fockens  and  Meffert  (18).  In  this  model,  the 
fruit  surface  is  largely  covered  with  impervious  layers, 
with  small  areas  that  approximate  free  water  surfaces, 
and  others  that  approximate  a water  surface  covered  by  a 
permeable  membrane.  A similar  model  has  also  been  used 
later  by  Villa  (76) , and  appears  to  offer  a good  descrip- 
tion for  the  surface  structure  of  many  biological  products. 

Maturity 

Transpiration  rates  of  some  fruits  and  vegetables 
change  with  maturity.  The  changes  could  be  for  a variety 
of  reasons  and  are  considered  in  several  papers  in  the 
literature . It  is  commonly  believed  that  immature  fruits 
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transpire  at  a faster  rate  than  mature  ones.  Smith  (68), 
worsting  with  Victoria  plums , observed  that  immature  fruits 
transpired  at  a rate  about  three  times  higher  than  fully 
mature  ones.  Smock  and  Neubert  (72)  and  Christopher  and 
Pieniazek  (7)  observed  that  immature  fruits  transpire 
rapidly,  with  the  rate  decreasing  until  a certain  stage 
of  maturity  is  reached,  after  which  transpiration  rate 
rises  again.  Overmature  fruits  had  a high  transpiration 
rate,  and  Iritani  et  al.  (35)  found  the  same  was  true  for 
tubers.  Harvey  (30),  working  with  lemons,  did  not  find 
any  changes  in  rate  of  moisture  loss  with  maturity.  This 
is,  perhaps,  to  be  expected  with  citrus,  which  do  not 
ripen  with  storage,  and  maintain  a relatively  steady  rate 
of  respiration  and  transpiration. 

Leonard  (40)  studied  the  transpiration  behavior  of 
several  fruits  as  ripening  progressed  and  noted  different 
trends  with  different  fruits.  Tomatoes  appear  to  have  a 
constant  transpiration  rate  regardless  of  maturity.  Trop- 
ical fruits  such  as  papaws  show  an  increase  in  transpi- 
ration rate  with  the  appearance  of  color  on  the  skin. 
Bananas  and  mangoes,  when  green  and  unripe,  possess  a 
steady  and  low  initial  rate  of  transpiration,  followed  by 
a rapid  rise  during  the  early  part  of  the  ripening  process. 
The  ripe  and  overripe  fruit  show  a fairly  steady  but 


usually  slowly  rising  rate  until  the  skin  has  become 
completely  brown  and  serious  fungal  wastage  takes  place. 

At  that  time,  a final  rapid  rise  may  occur. 

It  is  well  established  that  maturity  affects  trans- 
piration rates  of  some  commodities.  This  raises  the 
question  of  which  specific  physical  or  chemical  changes 
caused  by  maturity  are  the  ones  that  directly  affect  tran- 
spiration rates.  It  is  generally  believed  that  skin 
permeability  changes  occurring  with  maturity  are  the 
changes  that  influence  transpiration  most  directly. 
Pieniazek  (51)  noted  that  transpiration  rates  of  apple 
fruits  are  high  early  in  the  season,  as  the  fruit  skin  is 
very  permeable  to  water  vapor  at  that  time.  Permeability 
decreases  until  a minimum  is  reached  at  picking  maturity, 
and  subsequently,  the  rate  of  transpiration  increases 
once  again. 

Wardlaw  and  Leonard  (77)  state,  in  relation  to  changes 
during  maturation,  that  careful  consideration  should  be 
given  to  the  changes  in  resistance  to  the  passage  of  gases 
through  the  skin  tissues.  They  also  recommend  a considera- 
tion of  the  relation  of  the  tissues  of  the  flesh  to  the 
changing  concentrations  of  the  several  gases  involved. 

They  also  found,  in  the  course  of  their  work  with  papaws, 
that  the  fruits  showed  a decrease  in  permeability  during 
ripening . 
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ihe  results  of  Leonard  (40) , which  indicated  an 
increasing  transpiration  rate  with  ripening  of  bananas  and 
mangoes,  appear  to  be  in  conflict  with  decreasing  perme- 
ability. Leonard  attributed  his  results  to  a rise  in 
tissue  temperature  due  to  increased  respiration  as  the 
climacteric  approached. 

Thus,  the  observed  trends  in  transpiration  with 
maturity  appear  to  be  due  to  skin  permeability  changes, 
and  changes  in  rate  of  respiration.  Generally,  skin 
permeabilities  of  stored  fruit  tend  to  decrease  with 
maturity,  while  respiration  rate  either  varies  or  remains 
constant  depending  on  the  nature  of  the  product. 

Care  must  be  taken,  however,  in  interpreting  data 
regarding  permeability  changes  with  maturity,  since  the 
same  reduction  of  permeability  can  be  brought  about  by 
storage  of  the  product  under  conditions  favoring  dehydra- 
tion. This  has  been  observed  by  Wilkinson  (80)  who  found 
permeabilities  of  apples  increased  when  stored  in  humid 
environments , and  decreased  when  stored  in  dry  environ- 
ments. Thus,  skin  permeability  changes  may  not  be  solely 
due  to  maturity. 

It  may  be  seen  from  the  literature,  that  the  transpi- 
ration behavior  of  different  fruits  are  affected  by  their 
stage  of  maturity.  In  some  cases,  the  effect  is  hardly 
significant,  while  in  others,  it  is  important. 
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Effects  of  Moisture  Loss  on  Skin 
and  Tissue  Permeability 

A common  phenomenon  encountered  in  the  process  of 
moisture  transfer  from  biological  material  is  the  decrease 
in  permeability  of  such  material  when  moisture  depletion 
occurs.  This  decrease  in  permeability  supposedly  causes 
an  increased  resistance  to  moisture  flow  through  the 

tissues,  and  results  in  a subsequent  lower  rate  of  moisture 
loss . 

Wilkinson  (80)  attempted  to  determine  the  effects  of 
relative  humidity  on  the  resistance  to  gaseous  diffusion 
of  the  tissue  of  apples.  He  found  that  apples  tested  under 
humid  conditions  showed  a two  or  threefold  increase  in 
permeability  over  a six  month  period.  Apples  in  dry 
environments  decreased  steadily  in  permeability  over  the 
same  period,  and  also  shriveled  gradually.  Wilkinson 
also  noticed  a slight  increase  in  the  volumes  of  apples 
stored  under  wet  conditions.  Wardlaw  and  Leonard  (78) 
stated  that  dessication  caused  an  increase  in  tissue 
resistance  to  the  movement  of  gases.  Ben-Yehoshua  (4) 
found  that  drying  of  the  orange  peel  caused  an  increase 
in  resistance  to  gas  diffusion. 

The  phenomenon  of  "case  hardening,"  as  this  drying 
effect  is  called,  is  not  unusual,  and  has  been  noted  in 
the  area  of  grain  drying  as  well.  Since  the  evaporation 
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rates  from  most  fruits  and  vegetables  are  slow  in  compari- 
son to  that  from  a free  water  surface,  and  the  moisture 
contents  of  the  commodities  are  very  high,  this  drying 
generally  occurs  gradually  over  a long  storage 
period.  However,  several  authors  have  noted  immediate 
decreases  in  transpiration  coefficients  with  increased 
vapor  pressure  differences. 

Pieniazek  (51)  noted  that  the  transpiration  coefficient 
of  apple  fruits  decreased  at  high  vapor  pressure  deficits. 

He  attributed  this  effect  to  the  drying  of  the  outer  tissue 
caused  by  the  increased  vapor  pressure  deficits.  Many 
other  researchers  have  noticed  this  effect,  notably  Wardlaw 
and  Leonard  (78),  W.  H.  Smith  (69),  Smock  and  Neubert  (72) 
and  Comin  and  Junnila  (13) . Lentz  and  Rooke  (39)  noted  a 
decrease  in  transpiration  coefficient  at  high  vapor  pressure 
deficits,  and  attributed  this  to  drying  effects.  They 
stated  that  this  effect  could  be  reversible  if  drying  was 
not  too  severe. 

Figure  1 shows  curves  of  transpiration  rate  versus 
vapor  pressure  difference.  It  is  a generalized  illustra- 
tion of  the  deviation  between  experimental  data  and  the 
linear  model  as  observed  by  Lentz  and  Rooke  (39)  and 
Villa  (76).  The  deviation  at  "zero"  vapor  pressure  differ- 
ence is  due  to  the  effect  of  respiratory  heat  generation, 
which  has  already  been  discussed.  The  deviation  from 
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Figure  1.  Deviation  of  experimental  curve  from  linear 
model . 
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linearity  at  the  high  vapor  pressure  differences  has  been 
attributed  to  drying  effects  by  the  researchers  mentioned. 

In  an  effort  to  account  for  the  nonlinearities 
observed,  mathematical  models  have  been  developed  assuming 
the  transpiration  coefficient  to  be  a function  of  the 
vapor  pressure  difference.  Fockens  and  Meffert  (18)  have 
developed  a mathematical  model  for  transpiration  based 
on  the  assumption  that,  under  conditions  of  low  vapor 
pressure  deficit,  the  cells  at  the  surface  of  biological 
products  will  be  round  and  turgid,  while  under  high  vapor 
pressure  deficits,  the  cells  flatten  out  and  cause  high 
dif fusional  resistances.  A similar  model  was  used  by 
Villa  (76),  with  the  same  assumptions. 

The  decrease  in  permeability  of  fruits  and  vegetables 
as  affected  by  moisture  losses  over  a period  of  time  has 
been  well  documented.  However,  the  assumption  of  a 
variable  transpiration  coefficient  due  to  permeability 
decreases  at  high  vapor  pressure  differences  needs  veri- 
fication. This  is  especially  important  since  none  of  the 
researchers  making  this  assumption  have  given  very  careful 
consideration  to  evaporative  cooling  effects  at  the  water- 
a^r  interface.  Evaporative  cooling  is  very  important  in 
the  determination  of  transpiration  rates  and  is  discussed 


next . 
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Endothermic  Effects  of  Transpiration 

Transpiration  is  primarily  a process  of  evaporation  and 
diffusi°n>  snd  endothermic  effects  are  a necessary  part  of 
evaporation.  However,  this  is  an  aspect  of  transpiration 
that  has  been  almost  entirely  ignored  in  the  literature. 

Most  researchers  have  considered  endothermic  effects 
negligible  in  most  biological  products,  and  when  calcu- 
lating vapor  pressure  deficits  have  assumed  the  vapor 
pressure  within  the  product  to  be  the  saturation  vapor 
pressure  at  the  environmental  temperature  (assuming  prod- 
uct and  environmental  temperature  to  be  equal).  However, 
Gentry  (23),  Dypolt  (14)  and  Talbot  (73),  attempting  to 
measure  the  transpiration  rates  of  various  commodities 
under  unsteady  state  conditions,  found  that  the  vapor 
pressure  beneath  the  skins  of  the  commodities  they  investi- 
gated were  somewhat  lower  than  the  saturation  vapor  pressure 
at  the  environmental  temperature.  They  did  not  offer 
explanations,  but  noted  that  the  assumptions  of  past 
researchers  regarding  saturation  vapor  pressures  beneath 
the  skins  of  the  commodities  may  not  be  entirely  valid. 

One  possible  explanation  is  that  the  evaporative  cooling 
effects  of  transpiration  within  and  near  the  surface  of 
the  commodity  cause  a localized  lowering  of  temperature, 
and  hence,  reduced  local  vapor  pressures.  It  may  be 
noted  that  the  effect  of  high  transpiration  rates  is  a 
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high  cooling  effect  near  the  evaporating  surface.  This 
lowers  the  vapor  pressure  deficit  near  the  evaporating 
surface  and  tends  to  work  as  a regulatory  mechanism  for 
the  transpiration  process.  The  unsteady  state  methods 
of  Gentry,  Dypolt  and  Talbot  involve  the  exposure  of  the 
commodity  to  varying  and  extremely  high  vapor  pressure 
deficits,  thereby  resulting  in  pronounced  endothermic 
effects . 

The  research  by  A.  J.  M.  Smith  (66,  67)  on  apples 
illustrates  the  manner  in  which  transpiration  is  affected 
by  its  own  endothermic  effect.  He  passed  apples  through 
a cycle  of  relative  humidities  and  found  that  a sudden 
transfer  of  an  apple  from  a low  to  a high  relative  humidity 
environment  resulted  initially  in  an  unusually  low  trans- 
piration rate  which  then  increased  to  a steady  value. 
Conversely,  a sudden  transfer  of  the  apple  from  a high  to 
a low  relative  humidity  environment  (temperatures  remaining 
constant  for  all  tests)  resulted  immediately  in  a dispro- 
portionately high  transpiration  rate  which  subsequently 
decreased  to  a steady  value.  These  results  were  attributed 
by  Smith  to  the  transient  effects  of  setting-up  of  new 
vapor  gradients  at  the  surface  of  the  product  due  to  the 
sudden  change.  A more  detailed  explanation  may  be  made. 
Consider  a fruit  that  has  been  stored  at  a certain  tempera- 
ture and  a low  relative  humidity.  The  fruit  transpires  and, 
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as  a result,  must  have  some  cooling  effect  at  or  near  the 
epidermis.  Since  more  evaporative  cooling  would  occur  in 
a low  humidity  environment  than  in  one  of  higher  humidity 
(at  the  same  temperature) , the  vapor  pressure  under  the 
skin  of  the  fruit  at  this  low  humidity  would  be  somewhat 
lower  than  that  at  a higher  humidity.  If  this  fruit  is 
suddenly  transferred  to  an  environment  at  the  same  tempera- 
ture, but  a high  relative  humidity,  the  vapor  pressure 
deficit  will  suddenly  be  changed.  The  low  vapor  pressure 
under  the  product  skin  will  initially  cause  an  abnormally 
low  vapor  pressure  deficit  in  the  high  humidity  environ- 
ment. This  would  result  in  a very  low  initial  transpira- 
tion rate,  which  in  turn,  would  have  less  cooling  effect 
than  before.  Hence,  the  temperature  (and  therefore,  the 
vapor  pressure)  beneath  the  skin  would  rise  until  steady- 
state  is  achieved.  In  summary,  the  transpiration  rate  in 
the  high  humidity  environment  would  initially  be  very  low, 
and  gradually  increase  until  a steady  value  is  reached. 
Using  the  same  analysis,  it  may  be  seen  that  the  transfer 
of  a fruit  from  a high  to  a low  humidity  would  result  in  an 
initially  high  transpiration  rate  which  would  then  decrease 
to  a steady  value.  The  observations  of  A.  J.  M.  Smith  are 
in  agreement  with,  and  bear  out  the  results  of  the  endo- 
thermic effects  of  transpiration. 
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Holdsworth  (32)  and  Gac  (19)  emphasized  the  importance 
of  consideration  of  the  evaporative  cooling  effects.  Holds- 
worth stated  that  when  considering  the  heat  transfer  between 
the  fruit  and  circulating  air,  the  most  important  factor  is 
Lhe  difference  between  heat  of  respiration  and  heat  of 
evaporation  (i.e.,  the  net  rate  of  heat  production).  Gac 
studied  the  balances  between  exothermic  effects  of  respi- 
ration and  endothermic  effects  of  evaporation.  He  estab- 
lished a thermal  balance  between  the  heat  of  respiration 
and  the  heat  taken  up  by  evaporation.  He  stated  that  if 
the  heat  necessary  to  evaporate  transpiring  water  is  less 
than  the  heat  of  respiration,  the  fruit  releases  heat  to 
the  exterior,  but  if  the  heat  taken  up  by  transpiring  water 
is  greater,  the  net  is  a loss  of  heat  from  the  product. 

Endothermic  effects  of  transpiration  are  very  important 
in  determining  the  transpiration  rate.  Since  the  amount  of 
evaporative  cooling  increases  with  moisture  loss  and  hence, 
the  vapor  pressure  difference,  the  rate  of  transpiration 
is  increasingly  retarded  by  this  effect  at  the  high  ranges 
of  vapor  pressure  difference.  This  may  explain  the  devia- 
tions from  linearity  observed  in  the  previous  section.  Thus, 
careful  consideration  must  be  given  to  the  magnitude  of 
evaporative  cooling  in  order  to  accurately  calculate  the 
vapor  pressure  difference. 
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Dissolved  Substances 

It  is  well  known  that  a solution  of  substances  in 
water  results  in  a lower  saturation  vapor  pressure  than 
that  for  pure  water  at  the  same  temperature.  For  example, 
a solution  of  one  gram  of  sugar  (C6H1206)  in  one  hundred 
grams  of  pure  water  would  result  in  a 0.1%  decrease  in 
saturation  vapor  pressure  at  the  same  temperature.  Hence, 
water  evaporating  from  a solution  would  tend  to  do  so  more 
slowly  than  from  pure  water.  The  water  in  the  cellular 
membranes  of  most  fruits  contains  dissolved  substances 
(sugars,  gases,  etc.).  These  solutes  may  or  may  not  have 
a significant  effect  on  the  vapor  pressure  deficit  (and 
hence,  the  transpiration  rate)  depending  on  the  concentra- 
tion and  the  nature  of  the  solutes.  The  role  of  solutes 
in  the  transpiration  of  fruits  and  vegetables  has  received 
attention  from  some  researchers. 

Gac  (21)  noted  that  if  a fruit  or  vegetable  is  placed 
on  a water  vapor  saturated  environment,  heat  production  due 
to  respiration  would  cause  a slight  increase  in  the  tempera- 
ture of  the  commodity,  resulting  in  a small  vapor  pressure 
^■''^•^erence  with  the  environment.  However,  the  presence  of 
dissolved  substances  would  tend  to  reduce  this  vapor  pres- 
sure difference.  Thus,  if  a commodity  were  to  give  off 
moisture  when  stored  under  saturated  conditions,  the  effect 
of  respiration  would  need  to  more  than  offset  the  effect 
of  solutes.  Gac,  in  his  studies  on  pears,  calculated  the 
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effect  of  the  heat  of  respiration,  and  noted  that  the 
resultant  increase  in  the  temperature  of  the  fruit  (under 
steady  conditions)  would  be  very  small:  for  example,  pears 

placed  at  0°C  (32°F)  would  register  a temperature  rise  on 
the  order  of  0.015°C.  Therefore,  if  any  transpiration  were 
to  occur  at  saturation  relative  humidities,  the  effect  of 
solutes  would  have  to  be  smaller  than  the  effect  of  the 
heat  of  respiration  (which,  itself  was  very  small  in  this 
case).  Thus,  Gac  concluded  that  if  transpiration  were  to 
occur  under  saturated  enviornmental  conditions,  the  water 
in  the  fruit,  and  near  the  surface  would  have  to  be  at 
least  in  the  form  of  a very  dilute  solution,  or  even  in 
a very  pure  state.  Gac  noted  losses  in  weight  in  apples 
and  pears  stored  under  saturated  conditions,  and  in  some 
cases,  increases  in  weight  of  grapes  tested  under  saturated 
conditions  and  low  air  velocities.  He  attributed  this 
diversity  in  behavior  to  differences  in  heat  of  respiration 
and  solute  concentration  between  fruit  species. 

Mann  (42)  reported  that  the  equilibrium  vapor  pressure 
from  fruit  was  0.98  multiplied  by  the  saturation  water  vapor 
pressure  at  the  same  temperature.  This  factor  was  due  to 
solutes  in  the  water  of  the  fruit.  Wells  (79)  used  this 
factor,  and  calculated  water  vapor  pressure  deficits 
accordingly.  Risch  and  Watson  (58)  also  used  this  factor 
in  their  research  on  transpiration  rates  of  tomatoes. 
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Ghani  (24)  also  noted  increases  in  weight  of  grapes 
stored  at  relative  humidities  close  to  saturation.  He 
studied  the  effects  of  respiration  and  transpiration  on 
the  concentration  of  sugars  in  the  solution.  He  noted 
that  transpiration  removes  water  and  leaves  solutes  behind, 
thereby  concentrating  the  solutions  in  the  fruit;  while 
respiration  breaks  down  the  sugars  (producing  water  and 
carbon  dioxide),  thereby  tending  to  dilute  the  solution. 

In  summary,  the  presence  of  solutes  in  the  water 
contained  in  fruits  and  vegetables  appears  to  have  an 
effect  on  their  transpiration  rate.  However,  the  extent 
this  effect  is  not  clearly  known.  In  fruits  and  vege- 
tables with  a high  concentration  of  soluble  solids,  the 
effect  maY  n°t  be  negligible.  The  role  of  solutes  may 
help  in  explaining  the  results  of  researchers  such  as  Gac 
(21)  and  Ghani  (24)  who  have  observed  a gain  in  weight  in 
commodities  stored  under  saturated  or  near  saturated 
environmental  conditions.  Under  these  conditions,  the 
relative  influences  of  solutes  and  the  heat  of  respiration 
would  (barring  the  existence  of  hitherto  unknown  influences) 
appear  to  govern  the  direction  and  rate  of  moisture  trans- 
fer between  the  commodity  and  the  environment. 

Transpiration  and  respiration  have,  as  noted  earlier 
by  Ghani  (24) , opposing  effects  on  solute  concentration. 
Transpiration,  by  its  concentrating  influence,  would  tend, 
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indirectly,  to  regulate  itself;  while  respiration,  by  its 
diluting  influence  (in  addition  to  heating)  would  tend  to 
cause  increased  transpiration.  The  extent  of  these  effects 
would  probably  be  small,  but  nevertheless,  need  some  atten- 
tion. The  extent  of  the  effects  of  solutes  on  transpiration 
rates  appears  to  be  different  for  different  commodities,  and 
further  research  is  needed  to  determine  their  exact  nature 
and  magnitude. 

High  Initial  Rates  of  Water  Loss 

It  has  been  noticed  by  many  researchers,  notably 
Platenius  et  al.  (54)  and  W.  H.  Smith  (71)  that  freshly 
harvested  fruits  and  vegetables  have  a very  high  initial 
rate  of  moisture  loss.  This  is  usually  followed  by  a 
fairly  rapid  decline  till  a constant  transpiration  rate  is 
reached.  It  may  be  noted  that  in  several  experiments, 
fruits  and  vegetables  were  not  precooled  prior  to  storage, 
thereby  resulting  in  higher  initial  losses;  but  even  under 
carefully  controlled  experiments,  this  high  initial  rate 
has  been  noted. 

Robinson  et  al.  (59)  observed  this  phenomenon  in 
several  fruits  and  vegetables.  They  state  that  the  rate 
of  fall  varies  with  the  type  of  commodity.  In  potatoes, 
for  example,  in  which  skin- set  and  the  healing  of  harvesting 
wounds  play  a part,  it  may  take  2 weeks  for  evaporation  to 
reach  a steady  value.  In  leafy  vegetables,  where  the 
drying  out  of  trimming  wounds  and  stomatal  closure  may  be 
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the  reasons  for  the  fall,  about  2 hours  may  suffice.  These 
investigators  also  state  that,  in  dense  leafy  vegetables, 
the  evaporation  is  almost  all  from  the  outermost  leaves. 

As  these  dry  out,  loss  from  them  dwindles,  but  they  still 
reduce  evaporation  as  a percentage  of  the  weight  of  the 
whole  vegetables  also  dwindles. 

Schippers  (65)  also  noted  similar  high  initial  tran- 
spiration rates  in  potatoes  and  attributed  it  to  injuries 
during  harvest  and  a relatively  thin  skin. 

Prokof  ev,  Kats  and  Rybalova  (56)  studied  transpi- 
ration rates  of  fruits  whose  stems  were  immersed  in  water, 
and  found  that  these  fruits  transpired  faster  than  those 
whose  stems  were  not  immersed  in  water.  Furthermore,  if 
sucrose  was  introduced  into  the  fruit  through  immersion 
of  the  stems  into  a solution,  the  transpiration  rate  was 
further  increased.  If  phosphate  solutions  were  added  along 
with  sucrose,  the  transpiration  rate  was  even  greater.  Thus 
the  entry  of  nutrients  into  the  fruit  or  vegetable  appears 
to  play  a role  in  the  transpiration  rate  of  fruits  before 
harvest.  At  harvest,  this  nutrient  flow  is  abruptly  cut 
off,  and  this  may  be  a factor  contributing  to  the  decline 
in  transpiration  rate  immediately  after  harvest. 

Thus,  the  reasons  for  the  high  initial  rate  of  tran- 
spiration of  fruits  and  vegetables  appear  to  be  the  cutoff 
m nutrient  flow  after  harvest  and  the  injuries  encountered 
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during  harvest.  Since  harvesting  is,  by  itself  a process 
necessitating  injury  to  some  part  of  the  fruit  or  vegetable, 
little  can  be  done  to  prevent  this  high  initial  rate  of 
loss  other  than  minimization  of  injury. 

Seeds 

The  effect  of  fruit  seeds  on  the  transpiration  rates 
of  fruits  has  not  been  studied  in  the  United  States,  but 
has  received  some  attention  from  European  researchers. 

Come  (8-12)  attempted  to  find  correlations  between  the 
number  of  seeds  in  apples  and  their  moisture  loss.  He  found 
good  correlations  between  these  variables  for  certain  apple 
varieties,  but  not  for  others.  For  these  varieties,  correla- 
tions existed  between  rate  of  moisture  loss  and  either 
distribution  or  germination  capacity  of  seeds.  He  concluded 
that  fruits  generally  lost  less  moisture  when  they  contained 
many  seeds  that  were  well  distributed  and  sturdy. 

Gorini  and  Zanetti  (27)  found  negative  correlations 
between  weight  loss  and  number  of  seeds,  but  observed  that, 
for  the  same  seed-count,  larger  fruits  showed  lower  losses. 

Contrary  to  the  finding  of  Come  (8-12),  Prokof’ev, 

Kats  and  Rybalova  (56)  found  that  the  greater  the  germina- 
bility  of  the  seeds,  the  greater  the  rate  of  transpiration. 
They  also  observed  that  fruits  grown  under  conditions  of 

depressed  transpiration  showed  retarded  development  of 
seeds . 
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The  conflicting  results  presently  available  do  not 
indicate  much  of  an  effect  on  transpiration  and  little 
consideration  of  this  factor  can  be  made  at  the  present 
time. 

Other  Effects 

Several  other  effects  of  transpiration  have  been 
observed.  These  may  prove  to  be  of  use  but  they  are  at 
least  of  academic  interest.  The  effect  of  mold  formation 
or  rotting  is  to  increase  transpiration  greatly.  This  has 
been  noted  by  Wardlaw  and  Leonard  (77).  Tomkins  (74)  has 
noted  that  the  development  of  rotting  is  markedly  reduced 
by  increasing  the  rate  of  evaporation.  He  states  that 
infection,  and  hence  rotting,  can  be  prevented  by  storing 
under  conditions  which  allow  sufficient  evaporation.  Wills 
and  Scott  (81)  have  observed  that  high  water  loss  from 
apples  causes  increased  esterification  of  acids  and  alcohols 
in  the  fruit.  Adato  and  Gazit  (1)  state  that  water  loss 
causes  water  deficit  in  avocado  fruits,  and  hence  accel- 
erates ripening.  Infusion  of  water  through  the  peduncle 
of  these  fruits  results  in  replenishment  of  water,  and  hence 
lower  water  deficit  stress  and  slower  ripening. 

Wardlaw  and  Leonard  (78)  found  that  transpiration 
tends  to  create  negative  pneumatic  pressures  in  fruits, 
especially  during  the  later  stages  of  senescence. 
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Ezell  and  Wilcox  (16,  17)  reported  that  conditions 
favorable  to  wilting  resulted  in  a more  rapid  loss  of 
vitamin  C.  Vegetables  that  lose  moisture  rapidly  and  wilt 
appreciably  tend  to  be  affected  more  by  humidity  and  to 
lose  vitamin  C more  rapidly  than  those  resistant  to  wilting. 
Even  those  that  wilt  most  readily  are  affected  much  less 
by  humidity  than  by  temperature.  These  researchers  state 
in  their  work  on  carotene  levels  that  conditions  favorable 
to  wilting  result  in  a more  rapid  loss  of  carotene,  but 

unfavorable  temperatures  hasten  its  destruction  more  rapidly 
than  does  wilting. 

Goldovskii  (25)  studying  the  undesirable  effects  of 
wilting  of  vegetables  in  store,  concluded  that  the  reasons 
for  these  effects  were  the  cessation  of  the  activity  of 
the  self-regulating  system  of  cells.  Therefore,  resistance 
against  microbes  was  reduced  and  infection  could  occur 
readily. 


Mathematical  Models  Available  in  the  Literature 
Linear  Model 

The  simplest  relation  for  transpiration  rate  is  the 
linear  relation  given  by  equation  2-1  in  the  section  on 
the  effect  of  water  vapor  pressure  deficit. 
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This  equation  gives  the  straight  line  relationship 
shown  in  Figure  2-1.  The  model  does  not  consider  several 
variables,  such  as  air  velocity,  respiratory  heat  genera- 
tion, skin  structure,  evaporative  cooling  effects  and 
maturity.  Therefore,  not  surprisingly,  it  shows  the 
deviations  from  experimental  data  illustrated  in  Figure  1. 

Nonlinear  Model 

Fockens  and  Meffert  (18)  and  Villa  (76)  have  attempted 
to  explain  the  deviations  from  linearity  at  high  vapor 
pressure  differences  in  their  mathematical  models.  Their 
models  involve  a transpiration  coefficient  that  varies 
with  water  vapor  pressure  difference,  based  on  the  hypoth- 
esis that  the  cellular  structure  in  the  skin  changes  with 
relative  humidity.  In  addition,  the  models  consider  the 
effect  of  air  velocity  and  structure  of  the  skin.  The 
skin  is  considered  to  consist  of  three  parts:  the  first 

of  which  is  impervious  to  water  vapor  diffusion,  the 
second  of  which  behaves  as  a porous  membrane  through  which 
diffusion  occurs,  and  the  third  part  which  represents  no 
extra  resistance  to  diffusion,  thereby  approximating  a 
free  water  surface. 

Experimental  results  showed  that  the  impervious 
portion  comprises  over  99%  of  the  surface  area  of  the 
product.  Since  the  impervious  section  does  not  contribute 
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to  transpiration,  it  was  not  included  in  the  diffusion 
equation.  Thus,  for  purposes  of  transpiration  analysis, 
only  the  other  zones  were  considered. 

The  equation  used  in  this  model  is  as  follows. 


m 


Zi  * 3 

rT^t  + 


1 


(2-2) 


where 


m Transpiration  rate  on  a per  unit  area  basis 

= Fraction  of  surface  behaving  as  a free  water 
surface 

?2  = Fraction  of  surface  behaving  as  a porous 
membrane 

Rd  = Universal  gas  constant 
V “ Ambient  temperature  in  absolute  units 
6 = Convective  mass  transfer  coefficient 
6 = Diffusion  coefficient  of  water  vapor  in  air 
s = Skin  thickness 
p = Resistance  factor 

— Vapor  flow  through  air  layer  of  thickness  s 
Vapor  flow  through  porous  membrane  of  thickness  s 

Ps  “ Water  vapor  pressure  at  evaporating  surface 
= Ambient  water  vapor  pressure 
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The  experimental  work  consisted  of  determining  , £2 
and  y • s.  These  were  determined  by  measuring  transpira- 
tion rates  at  three  different  air  velocities-- thus  yielding 
three  different  values  for  $--and  calculating  the  three 
parameters  from  the  resulting  equations.  Villa  (76)  used 
a computer  routine  called  GAUSHAUS  in  the  estimation  of 
the  three  parameters,  details  of  which  are  unavailable. 

It  was  found  that  the  area  of  the  free  water  surface 
zones  were  negligible  for  purposes  of  calculation.  Fockens 
and  Meffert  (18)  assumed  an  isothermal  diffusion  process, 
thereby  neglecting  evaporative  cooling.  Villa  (76)  con- 
sidered evaporative  cooling  effects,  but  only  insofar  as 
they  applied  to  evaporation  from  a free  water  surface.  No 
special  consideration  was  made  for  evaporative  cooling 
taking  place  near  the  porous  membranes.  Careful  considera- 
tion of  this  effect  is  necessary  for  correct  calculation 
of  water  vapor  pressure  differences,  and  could  help  explain 
the  nonlinear  behavior  of  the  transpiration  curve  which 
has  hitherto  been  attributed  to  drying  effects.  Neither 
of  the  researchers  considered  respiratory  heat  generation 
and  the  related  carbon  dioxide  losses,  maturity,  or  the 
effect  of  solutes. 


Summary 

The  major  factors  to  be  taken  into  consideration  in  a 
study  of  transpiration  of  fruits  and  vegetables  are  as  follows 


43 


1.  Water  vapor  pressure  difference. 

2.  Air  movement. 

3.  Respiratory  heat  generation  and  carbon  dioxide 
losses . 

4.  Size,  shape  and  surface  area. 

5.  Surface  structure. 

6.  Maturity. 

7.  Permeability  changes  due  to  moisture  loss. 

8.  Evaporative  cooling  effects. 

9.  Effect  of  solutes . 

10.  Time  elapsed  after  harvest. 

The  mathematical  analyses  and  experimental  work  have 
emphasized  importance  of  each  of  these  factors.  Some 
researchers  have  considered  more  factors  than  others  in 
the  development  of  a mathematical  model.  However,  there 
is  no  mathematical  model  currently  available  that  completely 
examines  all  these  effects.  Such  a model  would  be  desir- 
able in  order  to  provide  useful  data  for  determination  of 
transpiration  rates  from  fruits  and  vegetables.  The 
development  of  such  a model  is  attempted  in  this  research. 


CHAPTER  III 


OBJECTIVES 


The  objectives  of  this  research  are: 


Development  of  a mathematical  model  for  predic- 
tion of  transpiration  rates  from  spherical  fruits 
with  skins. 

Experimental  determination  of  the  parameters 
affecting  moisture  losses  in  FTE-12  tomatoes. 

Use  of  the  mathematical  model  and  the  experi- 
mentally determined  parameters  for  theoretical 
prediction  of  moisture  losses  from  FTE-12 
tomatoes  under  different  environmental  conditions. 

Experimental  determination  of  transpiration  rates 
of  FTE-12  tomatoes  under  different  environmental 
conditions . 

Testing  of  the  accuracy  of  the  mathematical  model 
by  comparison  of  predicted  and  experimentally 
determined  transpiration  rates. 

Development  of  an  empirical  relationship  for 
prediction  of  surface  areas  of  FTE-12  tomatoes. 

Calculation  of  transpiration  coefficients  of 
FTE-12  tomatoes  on  a per  unit  area  as  well  as 
a per  unit  mass  basis. 
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CHAPTER  IV 


THEORETICAL  ANALYSIS 

From  the  review  of  literature,  it  is  clear  that  an 
accurate  determination  of  transpiration  coefficients  must 
be  based  on  accurate  determination  of  the  vapor  pressure 
gradients  involved.  The  apparent  variability  of  the  tran- 
spiration coefficient  with  vapor  pressure  deficit  appears 
to  be  an  example  of  inaccurate  determination  of  the  gradient 
for  moisture  transfer.  The  value  of  the  vapor  pressure  at 
the  evaporating  surface  must  be  calculated  at  the  temperature 
of  that  surface,  and  not  at  the  environmental  dry  bulb 
temperature.  The  temperature  of  the  evaporating  surface 
is  extremely  difficult  to  determine  accurately  by  experiment 
due  to  the  very  small  surface  area  from  which  most  of  the 
transpiration  occurs.  The  surface  temperature  depends  on 
the  relative  rates  of  heat  flow  due  to  evaporation  and 
respiratory  heat  generation.  Thus,  it  is  necessary  to  be 
able  to  calculate  the  temperature  at  the  evaporating  sur- 
face by  theoretical  considerations.  In  addition,  all  other 
factors  discussed  in  the  literature  review  must  be  accounted 
for  in  the  development  of  the  mathematical  model.  A dis- 
cussion on  the  treatment  of  these  factors  is  presented  next. 
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Treatment  of  Factors  Affecting  Transpiration 

Water  Vapor  Pressure  Difference 

The  water  vapor  pressure  at  the  evaporating  surface 
will  be  determined  by  theoretical  considerations.  The  water 
vapor  pressure  of  the  environment  is  calculated,  given  the 
ambient  temperature  and  relative  humidity. 

Air  Movement 

ihe  effects  of  air  movement  are  generally  small,  since 
the  resistance  of  the  boundary  layer  to  moisture  transfer 
is  generally  low  in  comparison  to  the  skin  resistance. 

The  convective  mass  transfer  coefficient  is  estimated 
by  using  the  following  empirical  formula  for  air  flow  over 
a sphere  as  presented  by  Edwards  et  al.  (15)  and  Geankoplis 
(22). 

Sh  = 2 + 0.37  • Re0,6  • Sc°‘33  (4_1) 

where 

Sh  = Sherwood  number  = hd  • D/k^<* 

Re  = Reynolds  number  = V • D/v 

Sc  = Schmidt  number  = v/6a  = 0.61  for  dilute 
air-water  vapor  mixtures 

hd  = Convective  mass  transfer  coefficient 

D = Diameter  of  sphere 

-k  = Thermal  conductivity  of  air 

V = Air  velocity 
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v Kinematic  viscosity  of  air 
6a  = Molecular  diffusivity  of  water  vapor  in  air 

Respiration 

The  rate  of  respiratory  heat  generation  can  be  estimated 
m proportion  to  the  amount  of  carbon  dioxide  evolution  by 
the  following  equation. 

c6  Hi2  06  + 602  + 6C02  + 6H20  = 673  Kcal  (4-2) 

The  actual  process  of  respiration  is  much  more  complex 
than  that  described  by  the  equation  4-2,  and  any  estimation 
of  heat  generation  from  it  is  approximate,  at  best.  How- 
ever, this  appears  to  be  the  only  available  method  for 
estimating  its  magnitude.  The  respiration  rate  is  a function 
of  temperature,  but  since  temperature  gradient  in  stored 
commodities  is  not  large  enough  to  cause  a significant 
difference  in  respiration  rate,  it  will  be  considered  as 
constant  for  a given  temperature  of  storage.  Data  on 
respiration  rates  of  various  commodities  at  different 
temperature  have  been  presented  by  Lutz  and  Hardenburg  (41) 
and  by  Ryall  and  Lipton  (61) . 

Size,  Shape  and  Surface  Area 

The  fruits  are  considered  spherical  in  shape  and  hence, 
their  dimensions  are  easily  characterized  by  their  diameters. 
In  addition,  an  empirical  formula  will  be  developed  to 
estimate  the  surface  area  from  the  mass  of  the  commodity. 
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Surface  Structure 

This  factor  will  be  accounted  for  in  the  theoretical 
analysis . 

Maturity 

Transpiration  rates  of  some  fruits  are  known  to  vary 
with  maturity,  but  the  exact  trends  cannot  be  quantified 
because  there  is  no  objective  criterion  for  the  measurement 
of  maturity.  This,  by  itself,  is  an  area  that  needs  con- 
sideration. If  an  objective  index  could  be  developed  for 
maturity,  an  empirical  relation  might  then  be  developed 
between  the  maturity  index  and  the  transpiration  coefficient. 
This  could  be  the  next  phase  of  transpiration  research,  but 
it  is  outside  the  scope  of  the  present  research.  Therefore, 
the  approach  here  will  be  the  development  of  a mathematical 
model  without  regard  to  maturity.  This  assumption  may  have 
greater  applicability  in  the  case  of  tomatoes,  since  it 
has  been  noted  in  the  literature  by  Leonard  (40)  that 
tomato  transpiration  rates  do  not  vary  with  maturity. 

Permeability  Changes  Due  to  Moisture  Loss 

This  factor  will  not  be  considered  since  the  magnitude 
of  its  effect  is  expected  to  be  very  small  over  typical 
storage  periods. 

Endothermic  Effects  of  Transpiration 

This  will  be  theoretically  accounted  for  in  the  heat 
balance  required  to  determine  the  temperature  of  the 
evaporating  surface. 
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Effect  of  Solutes 

This  factor  is  very  significant  in  some  commodities 
and  less  so  in  others.  For  tomatoes,  this  factor  will  be 
accounted  for  by  using  the  relationship  of  Risch  and  Watson 
(58)  where  the  vapor  pressure  of  the  evaporating  surface 
is  considered  to  be  98%  of  the  saturation  vapor  pressure  at 
the  surface  temperature. 

Analysis  of  Moisture  Diffusion  Through  the 
Skin  of  a Spherical  Fruit 

The  choice  of  spherical  fruits  with  a skin  is  partially 
dictated  by  convenience,  since  the  analysis  involved  is 
simplified.  The  analysis  for  commodities  with  irregular 
shapes  is  considerably  more  complex,  and  will  not  be 
attempted  here.  An  approximately  spherical  shape  and  the 
presence  of  a skin  is  a reasonable  model  for  a number  of 
other  fruits,  such  as  apples,  peaches,  plums  and  cherries. 

Assumptions 

1.  Steady  state  conditions  exist. 

2.  The  mass  average  temperature  of  the  fruit  is  very 
close  in  value  to  that  of  the  environment. 

3.  The  fruit  is  considered  to  be  a sphere  filled  with 
liquid  water  and  covered  by  a skin  of  uniform 
thickness . 

4.  The  fruit  skin  is  largely  impervious  to  water 
vapor,  but  contains  pores  distributed  over 

its  surface,  through  which  water  vapor  is  trans- 
ported. 
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5. 

6. 

7. 

8. 
9. 


10. 


11. 


12. 

13. 

14. 

15. 

16. 
17. 


The  pores  are  of  uniform  cross-sectional  area 
throughout  their  length. 

The  evaporating  surface  lies  immediately  below 
the  skin  layer  of  the  fruit. 

Moisture  loss  occurs  by  evaporation  of  water  and 
diffusion  of  the  vapor  through  the  pores. 

xhe  properties  of  the  gas  in  the  pores  are  the 
as  those  of  air  at  the  ambient  conditions. 

The  density  of  water  vapor  in  the  pores  is  much 
lower  than  the  density  of  air  in  the  pores.  This 
is  a valid  assumption  and  ensures  negligible 
convective  velocity  in  the  pores. 

The  water  vapor  diffuses  through  stagnant  air 
m the  pores.  This  assumption  is  not  strictly 
true,  since  the  commodity  continuously  exchanges 
oxygen,  carbon  dioxide,  and  other  gases  with  the 
atmosphere.  The  assumption  is  made  for  simpli- 
fication of  the  problem. 

The  diffusion  coefficient  of  water  vapor  through 
the  pores  is  equal  to  that  of  water  vapor  through 
air  at  the  same  temperature  and  atmospheric  pres- 


End  effects  in  diffusive  flow  are  neglected. 

Heat  flow  within  the  pore  is  negligible  in  all 
directiona  except  the  direction  along  the  length 
of  the  pore.  b 

Thermal  diffusion  effects  are  negligible. 

The  temperature  at  the  skin-boundar3/  layer  inter- 
face is  equal  to  the  ambient  temperature. 

The  latent  heat  removed  by  vaporization  of  water 
is  supplied  both  by  conduction  from  within  the 
fruit  as  well  as  conduction  through  the  pores. 

The  fruit  has  a uniform  rate  of  respiratory  heat 
generation  per  unit  volume  throughout  its  interior. 
This  assumption,  too,  is  not  strictly  true  since 
the  respiratory  activity  in  tomatoes  is  mostly 
concentrated  in  the  locular  area  and  around  the 
seeds.  The  assumption  is  necessary  for  simplifi- 
cation of  the  problem. 
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18.  The  temperature  gradients  within  the  fruit  are 
not  large  enough  to  cause  any  significant  non- 
uniformity  in  respiratory  heat  generation. 

19.  The  rate  of  heat  transfer  in  the  radial  direction 
in  the  sphere  is  much  greater  than  the  rate  of 
heat  transfer  in  all  other  directions. 

20.  The  driving  force  for  moisture  transfer  is  con- 
sidered to  be  the  water  vapor  pressure  gradient. 
The  generalized  concept  for  the  mass  transfer 
driving  force  is  the  chemical  potential,  but  it 
will  not  be  used.  Jusf if ication  for  this  assump- 
tion is  provided  in  Appendix  A. 

21.  Moisture  transfer  through  the  boundary  layer  is 
isothermal . 

22.  The  rate  of  moisture  transfer  per  unit  pore  area 
is  constant  for  all  pores  of  a single  fruit. 


Derivation  of  Governing  Equations 

The  fruit,  as  illustrated  in  Figure  2,  is  considered 
to  possess  N pores  of  cross-sectional  areas  A1 , A2 , . . . , 
A i , . . . An . 

Then,  the  total  pore  area  is 
N 

AP  = l (Ai)  (4-3) 

i = l 

where 

Ap  = Total  pore  area 

A-l  = Cross-sectional  area  of  pore  i 


It  is  convenient,  at  this  point  to  define  a parameter 
of  the  fruit  that  represents  the  fraction  of  the  area  of 
the  surface  that  is  covered  by  pores.  Thus, 

<!>  = Ap/A 


(4-4) 
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Figure  2.  Diagram  of  idealized  fruit, 
with  pores. 


Figure  3.  Longitudinal  section  through  an 
idealized  pore. 
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where 

<f>  = Fraction  of  total  surface  area  that  is 
covered  by  pores 

A = Total  surface  area  of  the  fruit 

The  total  moisture  loss  of  the  fruit  per  unit  time  is 
N 

M = l (A.  • mp)  (4.5) 

i = l 

where 

M = Total  moisture  loss  per  unit  time 

= Rate  of  water  vapor  transfer  per  unit  pore 
area 

The  transpiration  rate  is,  therefore, 

m = M/A  = mp  • Ap/A  = mp  • $ (4-6) 

where 

m = Transpiration  rate 

Thus,  we  proceed  by  analyzing  the  transpiration  process 
for  a single  pore,  and  then  summing  the  results  over  the 
entire  pore  area. 

In  analyzing  the  diffusion  process,  we  consider  a 
single  idealized  pore,  as  illustrated  in  Figure  3.  In 
order  to  know  the  vapor  pressure  at  the  evaporating  surface, 
it  is  necessary  to  know  the  temperature  at  that  surface. 

Thus,  we  first  consider  the  energy  equation  for  the  pore. 

By  the  assumptions  made  earlier,  we  have  "plug  flow," 
with  water  vapor  diffusing  through  stagnant  air.  This 
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problem  is  similar  to  that  of  a tubular  reactor  where  a 
gas  diffuses  through  stationary  particles.  The  equation 
governing  this  is 


k d2T 
Ks  dz2 

where 

- P * Cp  • vz  g = 0 (4-7) 

z = 

Distance  along  pore  from  evaporating  surface 

ks  = 

Thermal  conductivity  of  the  pore 

T = 

Temperature  at  distance  z along  the  pore 

P = 

Density  of  water  vapor 

vz  = 
cp 

Average  velocity  of  diffusing  water  vapor 
Specific  heat  of  water  vapor 

The  quantities  p and  vz  both  vary  with  z,  but 

p • vz  = mp  = constant  (4-8) 

Thus,  equation  4-7  may  be  rewritten  as 


k d'T 
Ks  dz2 

- CP  • “p  H - 0 (4-9) 

This  is  the  energy  equation  that  must  be  solved.  The  bound- 
ary condition  at  the  interface  between  the  ambient  air  and 
the  outside  surface  of  the  skin  is 

T(x)  = Tb 


where 

T = 

Thickness  of  skin 

Tb  = 

Ambient  temperature 
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The  boundary  condition  at  the  evaporating  surface  is 
determined  by  analyzing  the  heat  flow  within  the  commodity, 
and  is  presented  in  Appendix  B.  The  condition  at  this  sur- 
face is 


ks 


dT(0) 

dz 


(4-11) 


where 


L = Latent  heat  of  vaporization  of  water 

u = Rate  of  respiratory  heat  generation  per 
unit  volume 

R = Radius  of  fruit 


It  may  be  noted  that  there  has  been  no  necessity  to 
use  the  assumption  of  spherical  shape  of  the  commodity  until 
the  determination  of  the  boundary  condition  at  the  evapo- 
rating surface.  The  solution  of  the  differential  equation 
4-9,  and  the  application  of  the  boundary  conditions  4-10 
and  4-11,  yields  the  following  result. 


T(z)  = Tb  + 


L • m. 


u • R 


cp  • mp 


exp 


cPmP 


exp 

' • ' 

C-  m 

P P • z 

kS  J 

(4-12) 


The  temperature  of  the  evaporating  surface  is  obtained  by 
setting  z equal  to  zero  in  equation  4-12.  Thus, 
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where 


Ts  - Temperature  of  the  evaporating  surface 


(4-13) 


This  relation  yields  the  desired  surface  temperature  to  be 
used  in  the  mass  flow  equation. 

The  mass  transfer  problem  which  is  considered  next  is 
divided  into  two  parts : 

1.  ‘Diffusive  flow  through  the  pore. 

2.  Convective  flow  through  the  boundary  layer. 

The  equation  for  mass  flow  through  the  pore  is  the  simple 
one-dimensional  diffusion  equation. 


(4-14) 


where 

p = water  vapor  pressure  at  a point  z along 
the  pore 

The  boundary  conditions  are 


P(0)  = ps 


(4-15) 


P<T>  = Pbi 


(4-16) 
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where 


Ps  ~ Ps(Ts)  = Saturation  water  vapor  pressure  at 
the  evaporating  surface 

Pbi  = Vapor  pressure  at  the  inner  end  of  the 
boundary  layer 

The  solution  of  equation  4-14,  with  boundary  conditions  4-15 
and  4-16  is 


P(z) 


" Pbi) 


z + Ps 


The  mass  flux  of  water  vapor 


is  given  by 


m 


P 


= -6 


dz 


(4-17) 


(4-18) 


where 


<5  ~ Diffusion  coefficient  of  water  vapor  in  air 


Differentiation  of  equation  4-17  with  respect  to  z and 
substitution  in  equation  4-18  yields 


m 

P 


(4-19) 


Thus,  for  a pore  of  cross-sectional  area  A± , 


(4-20) 


Summation  of  this  result  over  all  the  pores  of  the  fruit 
yields 


M = 


N 

1 

i = l 


(4-21) 
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From  equations  4-3  and  4-4, 


N 


i = l 


I Ai  “ AP  = A * 4> 


Substituting  these  into  equation  4-21  yields 


(4-22) 


In  equation  4-22,  the  quantity  6<j>/x  is  the  transpiration 
coefficient  of  the  fruit  on  a per  unit  area  basis. 

The  next  consideration  is  transport  in  the  boundary  layer 
where  convective  transport,  and  possibly  flow  separation  occur 
The  convective  mass  transfer  coefficient  can  be  determined 
from  the  relation  for  the  Sherwood  number,  presented  in 
equation  4-1,  where 

Sh  = 2 + 0.  37  • Re0 • 6 • Sc° • 33 

The  rate  of  mass  transfer  through  the  boundary  layer  can  be 
expressed  as 


Combining  equations  4-23  and  4-22,  and  eliminating  the  unknown 
term  pbl , 


M = hd  • Afpbl  - p 


(4-23) 


where 


p^  = Ambient  water  vapor  pressure 

hd  = Convective  mass  transfer  coefficient 


(4-24) 
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Hence,  the  transpiration  rate  of  the  fruit  is 
(ps  ‘ Poo) 

m = — Z~  (4"25) 

6<p  + hd 

Equation  4-25  is  the  equation  for  mass  flow  and,  together 
with  equation  4-13,  comprises  the  mathematical  model  to  be 
used  for  determination  of  transpiration  rates. 


Discussion  of  Derived  Relations 


The  relations  derived  for  calculation  of  transpiration 
rate  are 


(Ps  " Poo) 


(4-25) 


t 4 u • R) 

(L  mP  3 j 

( n * 

C * El 
P P 

__  I 

k ’ T 

1 

Cn  • m„ 

P P 

j 

(4-13) 

It  must  be  noted  that  pg  is  the  saturation  water  vapor 
pressure  at  the  temperature  Tg  of  the  evaporating  surface. 


Ps  - Ps<Ts> 

Once  Tg  is  known,  ps  can  be  calculated  from  standard  psychro- 
metric  formulae,  or  estimated  from  psychrometric  charts . 

Assuming  for  the  moment  that  the  skin  resistance  term 
t/64)  and  the  boundary  layer  resistance  term  l/hd  in  equation 
4-25  are  known,  we  can  calculate  the  transpiration  rate  for 
any  value  p^,  provided  pg  is  known.  However,  ps  is  a function 
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of  Tg . Thus,  we  must  calculate  Tg  from  equation  4-13.  In 
order  to  perform  this  calculation,  however,  the  transpiration 
rate  must  be  known.  Thus,  the  solution  must  be  obtained 
iteratively,  using  the  value  of  saturation  water  vapor 
pressure  at  the  environmental  temperature  Tb  as  a first 
approximation  of  ps.  This  is  generally  a good  initial 
approximation  for  ps,  since  the  temperature  gradients  within 
the  pore  are  generally  fairly  small.  The  transpiration  rate 
thus  estimated  from  equation  4-25  can  be  substituted  in 
equation  4-13,  to  determine  a new  value  for  Ts . Next,  the 
saturation  vapor  pressure  at  the  new  value  of  Ts  is  calcu- 
lated, and  the  procedure  repeated  until  convergence  is 
obtained. 

It  may  be  observed  from  equation  4-13,  that  under  high 
vapor  pressure  differences , the  temperature  of  the  evaporating 
surface  is  lower  than  the  ambient  temperature.  An  interesting 
result  arises  for  storage  under  saturated  conditions.  In  this 
case,  the  first  estimate  of  transpiration  rate  is  zero.  Then, 
the  difference  between  the  surface  and  ambient  temperatures 
from  equation  4-13  is 


u • R 

'Cp  • mp 

i 

H 

II 

-l, 

3 

OJ 

i 

r 
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This  is  clearly  an  indeterminate  form.  Thus,  using  L’Hopital's 
rule 

nr1  rp  _ U • R 

s " b "IkT"  * T (4-26) 

Since  all  the  parameters  on  the  right  side  of  the  equation  are 
positive  quantities,  it  may  be  concluded  that  the  temperature 
Ts  of  the  evaporating  surface  rises  above  the  ambient  tem- 
perature Tb.  This  would  result  in  a slight  increase  in  Ps 
and  hence,  a finite  moisture  loss  would  occur  even  under 
saturated  environmental  conditions.  This  result  is  consis- 
tent with  the  experimental  observations  presented  in  the 
literature  review. 


Determination  of  Parameters 

The  equations  4-25  and  4-13  contain  parameters  of  the 
fruit  that  need  to  be  determined  for  practical  use  of  the 
model.  The  equations  are  presented  here,  along  with 
equation  4-6. 


(Ps  " Poo} 

t . 1 

77 


• • 

m = mp  • <j) 


(4-25) 
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(4-6) 
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In  equation  4-25,  all  quantities  except  <J>  and  ps  are 
either  known  from  available  data  and  empirical  formulae,  or 
else,  can  be  determined  by  direct  measurement.  If  the 
environmental  conditions  of  the  experiment  are  controlled 
so  that  the  vapor  pressure  difference  is  small,  the  surface 
temperature  Ts  does  not  differ  significantly  from  the  ambient 
temperature,  Tb . Thus,  Ps  can  be  assumed  to  be  the  satura- 
tion vapor  pressure  at  the  ambient  temperature  multiplied 
by  a factor  of  0.98  to  account  for  the  presence  of  soluble 
solids.  The  only  unknown  then  remaining  in  equation  4-25 
is  $ , which  is  then,  easily  estimated.  It  is  necessary  to 
correct  this  value  of  <f>  to  account  for  the  small  error  in 
the  assumption  regarding  the  surface  temperature. 

After  the  value  of  <J>  is  determined  in  the  aforementioned 
manner,  it  is  necessary  to  use  equation  4-13  in  order  to  esti- 
mate the  transpiration  rate  at  higher  water  vapor  pressure 
differences.  In  equation  4-13,  however,  all  quantities 
except  Tg  and  ks  can  either  be  estimated  or  measured  directly. 
Thus,  an  estimate  for  ks  is  necessary.  Direct  experimental 
determination  of  ks  is  extremely  difficult  since  it  is  a 
highly  localized  property,  to  be  determined  only  in  the 
porous  region  of  the  skin.  The  thermal  conductivity  of  the 
porous  regions  differs  considerably  from  the  conductivity  of 
the  impervious  parts,  since  a large  portion  of  the  pore 
volume  is  occupied  by  air.  An  estimate  of  ks  must 
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be  obtained  from  experimental  measurement  of  the  deviations 

from  the  linear  transpiration  model,  in  the  manner  described 
below. 

The  deviation  of  experimentally  measured  transpiration 
rates  from  the  linear  model  has  been  hypothesized  as  being 
due  to  reductions  in  surface  temperature  at  high  water  vapor 
pressure  differences.  If  transpiration  rates  are  measured 
at  a vapor  pressure  difference  at  which  the  surface  temper- 
ature drop  is  significant,  the  deviation  from  the  linear 
model  prediction  at  that  vapor  pressure  difference  could  be 
calculated.  The  deviation  would  be  due  to  a certain  drop 
i-n  Ps  > which  could  be  calculated  by  using  equation  4-25. 
toith  this  new  estimate  of  pg , the  surface  temperature  Tg 
corresponding  to  ps  could  be  determined.  Using  this  value 
of  Ts , equation  4-13  could  be  used  for  estimation  of  ks . 

The  value  of  Ts  used,  however,  is  only  a first  estimate  in 
the  iterative  procedure  involving  equations  4-25  and  4-13. 

The  value  would  have  to  be  corrected  by  using  the  iterative 
procedure  and  the  estimate  for  ks . When  the  appropriate 
corrections  for  Ts  are  made,  corrections  in  the  value  of  ks 
could  be  made  for  better  accuracy. 

When  the  parameters  <j>  and  ks  are  determined,  the 
iterative  procedure  involving  equations  4-25  and  4-13 
could  be  used  for  prediction  of  transpiration  rates  at 
other  vapor  pressure  differences.  The  predictions  could 


then  be  compared  to  experimental  data  to  test  the  accuracy 
of  the  model. 
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All  the  other  parameters  in  equations  4-25  and  4-13  are 
listed  next,  along  with  the  methods  of  measurement  or  calcu- 
lation of  each. 

Transpiration  rate  (m) . According  to  equation  4-6,  the 
transpiration  rate  is 

* _ M 

m “ A (4-6) 

The  value  of  M is  determined  by  measurement  of  the  weight 
loss  of  the  commodity  over  a specified  storage  period,  and 
subtracting  out  the  estimated  mass  of  carbon  dioxide  released 
due  to  respiration  during  that  period.  The  value  of  A can  be 
determined  by  peeling  the  skin  of  the  tomato  and  measuring 
their  surface  areas  with  a digitizer.  An  empirical  relation- 
ship between  surface  area  and  the  mass  of  the  fruit  (which  is 
directly  proportional  to  the  volume)  could  be  developed  by 
statistical  regression  so  that  the  surface  area  could  be 
estimated  directly  from  the  mass  of  the  commodity. 

Skin  thickness  (t).  The  skin  thickness  is  determined  by 
direct  measurement  with  a microscope. 

Diffusion  coefficient  of  water  vapor  in  air  (6).  The 
molecular  diffusivity  of  water  vapor  in  air  is  a function  of 
temperature  and  pressure.  The  relationship  is  presented  by 
the  National  Research  Council  (49)  as 

<5a  = <S0  (e±/60)m  • (P0/Pi) 


(4-27) 
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where 

60  = Molecular  diffusivity  at  the  reference 

temperature  and  pressure  = 0.22  cm2/sec 

eo  = Reference  temperature  = 273.15°K 
Pq  = Reference  pressure  = 1 atmosphere 

61  = Ambient  temperature 
Pi  = Total  pressure 

m = 1.75 

Since  the  vapor  pressure  is  being  used  as  the  driving  force 
in  this  analysis,  the  value  of  6 must  be  determined  from  SQ 

a 

by  using  the  appropriate  correction  factors. 

Convective  mass  transfer  coefficient  (hd).  The  param- 
eter depends  on  the  Reynolds  number,  and  hence,  a measure- 
ment of  air  velocity  is  necessary.  The  value  of  hd  is  then 
estimated  by  using  equation  4-1  for  the  Sherwood  number. 

Water  vapor  pressure  at  the  evaporating  surface  (pH). 
This  is  a function  of  the  surface  temperature  Ts , and  may 
be  determined  from  psychrometric  charts  or  formulae  if  Ts 
is  known.  At  low  vapor  pressure  differences,  ps  may  be 
approximated  as  the  saturation  water  vapor  pressure  at  the 
ambient  temperature  T^ , multiplied  by  a correction  factor  to 
account  for  the  presence  of  solutes. 

Keenan  et  al.  (38)  have  developed  a formula  for  calcula- 
tion of  saturation  water  vapor  pressure  from  the  temperature. 
This  formula  is  accurate  in  the  temperature  range  from  0°C  to 
374°C  and  is  listed  as  follows: 
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loSe  (Pws/217-99)  = (0. 01/ 0) (374. 136  - t) 

8 

x l F± (0. 65  - 0. Olt) 1 1 (4-28) 

i = l 

where 

Pws  = Saturation  water  vapor  pressure  in  atmospheres 
0 = Absolute  temperature,  degrees  Kelvin 
t = 0 - 273.15  = Temperature,  degrees  Celsius 
Fj  = -741.9242 
F2  = -29.72100 
F3  = -11.55286 
F4  = -0.8685635 
F5  = 0.1094098 

F6  = 0.439993 

F7  = 0.2520658 

F8  = 0.052188684 

The  value  for  pws  thus  obtained  may  be  converted  into  the 
appropriate  units  required  for  calculation.  However,  Raoult's 
Law  must  also  be  considered  in  the  calculation  of  ps,  due  to 
the  presence  of  soluble  solids.  Thus,  the  relationship  used 
by  Risch  and  Watson  (58)  can  be  used  to  determine  ps.  This 
relation  is 

Ps  = 0-98pss  (4-29) 

where 

Pss  = saturation  vapor  pressure  of  pure  water  at 
temperature  Ts 
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Ambient  water  vapor  pressure  (poo) . This  is  determined 
from  psychometric  charts  for  given  environmental  dry  bulb 
temperatures  and  relative  humidities. 

Temperature  of  evaporating  surface  (Ts).  This  is 
calculated  from  equation  4-13,  using  the  described  iterative 
procedure  in  conjunction  with  equation  4-25. 

Temperature  of  environment  (Th).  The  value  of  Tb  is 
determinable  by  direct  measurement. 

Latent  heat  of  vaporization  of  water  (L) . The  value 
latent  heat  is  available  in  handbooks. 

Specific  heat  of  water  vapor  (Cp).  The  value  of  Cp 
for  the  appropriate  temperature  and  pressure  conditions  is 
available  in  handbooks. 

Rate  of  respiratory  heat  generation  (u) . The  available 
data  on  respiratory  heat  generation  presented  by  Lutz  and 
Hardenburg  (41)  and  Ryall  and  Lipton  (61) , cover  a wide 
range  of  values.  Thus,  any  values  obtained  from  these  data 
would  be  approximations.  Furthermore,  the  respiration  rate 
of  tomatoes  varies  considerably  over  the  duration  of  typical 
storage  periods,  reaching  a maximum  at  the  climacteric. 

Thus,  values  for  u must  be  determined  by  experimental 
measurement  of  the  rate  of  carbon  dioxide  evolution.  Then, 
using  the  chemical  equation  4-2,  the  rate  of  heat  generation 
may  be  determined  in  proportion  to  the  rate  of  carbon  dioxide 
evolution. 
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Radius  of  fruit  (R) . Tomatoes  are  not  precisely 
spherical.  Thus,  measurements  of  the  diameter  must  be 
made  along  different  sets  of  axes,  and  averaged  to 
determine  the  value  of  R. 

Summary 

The  mathematical  model  to  be  tested  is  given  by 
equations  4-25  and  4-13.  The  parameters  <p  and  ks  in  these 
equations  are  to  be  determined  experimentally,  in  the 
manner  described.  A number  of  other  measurements  are 
necessary  for  determination  of  the  other  parameters,  and 
the  methods  to  be  used  are  described.  Thus,  an  experi- 
mental procedure  may  be  established  for  the  determination 
of  the  necessary  parameters,  and  for  verification  of  the 
model . 


CHAPTER  V 


EXPERIMENTAL  SETUP  AND  PROCEDURE 

The  experimental  determination  of  several  parameters 
have  been  established  from  the  theoretical  analysis,  as 
necessary  for  verification  of  the  mathematical  model  for 
transpiration.  The  parameters  of  the  fruit  skin  that  are 
to  be  calculated  from  the  data  are  the  following. 

1.  Fraction  of  surface  area  covered  by  pores  (<J>). 

2.  Thermal  conductivity  of  pores  (k  ). 

s 

In  order  to  determine  <j>  and  k , several  other  parameters 

s 

must  be  determined,  either  directly  or  indirectly,  by  experi- 
ment. These  are  listed  below. 


1. 

Rate  of  moisture  loss  from  fruit  (M) . 

2. 

Surface  area  (A) . 

3. 

Skin  thickness  (t). 

4. 

Air  velocity  (V) . 

5. 

Ambient  temperature 

(V- 

6. 

Ambient  water  vapor 

pressure  (p  ) . 

00 

7. 

Rate  of  respiratory 

heat  generation  (u) 

8. 

Radius  of  fruit  (R) . 
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Critical  Parameters 

An  error  analysis  performed  on  equations  4-25  and  4-13 
indicated  the  relative  importance  of  measurement  precision 
for  each  parameter.  The  details  of  the  analysis  are  pre- 
sented in  Appendix  C.  It  was  found  that  the  rate  of 
moisture  loss  (fl)  and  the  skin  thickness  (t)  were  the 
parameters  that  were  most  critical  for  the  prediction 
accuracy  using  the  mathematical  model.  The  choice  of 
instrumentation  in  the  measurement  of  M and  t were  dictated 
by  these  considerations. 

Experimental  Setup 
Environmental  Control 

A schematic  diagram  of  the  experimental  setup  used  for 
measurement  of  transpiration  rates  is  presented  in  Figure  4. 
The  setup  consisted  of  four  test  chambers  (shown  in  Figure  5) 
placed  within  a large,  insulated  walk-in  type  chamber.  The 
temperature  within  the  walk-in  chamber- -shown  in  Figure  6-- 
was  controlled  at  the  desired  test  levels  by  an  Aminco  Aire 
refrigeration/heating  unit.  The  relative  humidity  within 
the  walk-in  chamber  was  controlled  at  a suitably  low  value 
to  minimize  the  possibility  of  condensation.  The  environ- 
ments within  each  of  the  test  chambers  were  carefully  con- 
trolled at  different  levels  of  relative  humidity  in  the 
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Figure  4.  Schematic  diagram  of  experimental  setup  for  environmental  control. 
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Figure  5.  Walk-in  chamber  with  Aminco  Aire  unit 
for  environmental  control.  Note  panel 
with  four  flowmeters  for  individual 
air  flow  control  for  each  test  chamber. 


Figure  6.  Test  chambers  located  within  walk-in 
chamber.  Note  balance  on  the  right. 
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following  manner.  Dry,  compressed  air  from  an  outside 
source  was  bubbled  through  four  large  polyethylene  bottles 
filled  with  a given  saturated  salt  solution  at  the  test 
temperature,  and  then  passed  through  the  corresponding  test 
chamber.  The  temperature  of  the  salt  solutions  was  controlled 
at  test  levels  by  placing  them  within  the  walk-in  chamber. 

By  using  different  salt  solutions  for  each  test  chamber,  a 
wide  range  of  relative  humidities  was  obtained.  The  method 
cf  bubbling  and  the  presence  of  large  quantities  of  saturated 
salt  solution  resulted  in  high  convective  heat  and  mass 
transfer  coefficients  between  the  air  and  the  liquid,  and 
ensured  that  the  air  entering  the  test  chambers  was  at  the 
temperature  and  relative  humidity  required  for  the  experiment. 
The  salts  used  were  potassium  nitrate  (KN03),  sodium  chloride 
(NaCl) , magnesium  nitrate  (Mg(N03)2  • 6H20)  and  calcium 
chloride  (CaCl2).  Hall  (29)  presents  data  on  the  relative 
humidities  in  equilibrium  with  saturated  solutions  of  each 
of  these  salts.  Interpolated  values  from  the  data  for  those 
temperatures  used  in  this  research  are  shown  in  Table  1. 

The  rate  of  air  flow  through  each  salt  solution  and  the 
corresponding  test  chamber  was  controlled  and  measured  by 
a Matheson  FM-1100  rotameter  type  flowmeter  with  a tapered 
control  valve.  Four  such  flowmeters  were  used — one  for  each 
test  chamber-- to  ensure  independent  air  flow  control.  The 
air  flow  rates  were  the  same  for  each  test  chamber;  and 
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TABLE  1 

RELATIVE  HUMIDITIES  IN  EQUILIBRIUM  WITH  SATURATED 
SALT  SOLUTIONS  AT  TEST  TEMPERATURES 


Temperature 

10°C 

12 . 8°C 

16°C 

Relative  Humidity  (%) 

Calcium  Chloride 
CaC  1 2 

40.0 

38.8 

37.5 

Magnesium  Nitrate 
Mg (NO  3)2*  6H20 

57.8 

57.0 

56.2 

Sodium  Chloride 
NaCl 

75.2 

75.3 

75.4 

Potassium  Nitrate 
KN03 

95.5 

94.9 

94.2 

75 


were  maintained  at  the  maximum  level  possible  without 

causing  excessive  expansion  of  the  bottles  or  breakage  of 
the  seals. 

Measurement  Systems 

The  temperatures  within  the  test  chambers  were  con- 
tinuously monitored  by  nine  thermocouples  placed  within 
each  of  them.  The  thermocouple  wires  were  connected  to  an 
Esterline  Angus  PD-2064  data  acquisition  system  which 
enabled  direct  measurement  and  recording  of  temperature  to 
a precision  of  within  ±0.3°C. 

Sampling  ports  built  into  the  inlets  and  outlets  of 
the  test  chambers  enabled  measurement  of  dew  points  and 
respiratory  carbon  dioxide  evolution  rates.  A schematic 
diagram  of  this  measurement  system  is  presented  in  Figure  7. 
The  tubes  from  the  inlet  and  outlet  ports  of  each  test 
chamber  were  connected  to  two  separate  manifolds  of  a 
sampling  unit. 

The  sampling  unit,  shown  in  Figure  8,  consisted  of 
two  manifolds  with  two-way  normally  closed  solenoid  valves 
mounted  on  each  arm.  One  of  the  manifolds  was  connected  to 
the  test  chamber  inlets,  while  the  other  was  connected  to 
the  outlets.  A cam  operated  timer  was  connected  to  each 
of  the  solenoid  valves,  with  the  circuits  designed  and  cams 
adjusted  so  that  air  from  the  inlet  and  outlet  of  only  one 
test  chamber  could  be  simultaneously  and  independently  sam- 
pled. xhe  total  cycle  time  of  the  timer  was  one  hour.  Thus, 
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Figure  7.  Schematic  diagram  of  measurement  system. 
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Figure  8.  Sampling  unit  with  inlet  and  outlet 
manifolds,  solenoid  valves  and  cam 
timer. 


Figure  9.  Measurement  system  with  sampling  unit, 
dew  point  hygrometer  at  bottom  right, ’ 
drying  tubes  (on  hygrometer)  and 
carbon  dioxide  absorption  bottles 
(left  foreground). 
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samples  from  one  of  the  test  chambers  could  be  measured 
for  15  minutes,  at  which  time  the  appropriate  switches 
were  activated  to  begin  sampling  from  another  test  chamber. 
The  cycle  was  repeated  every  hour. 

Air  drawn  from  the  test  chamber  outlets  was  tubed  from 
the  sampling  device  to  an  EG&G  dew  point  hygrometer,  where 
the  dew  point  of  the  air  from  the  test  chamber  could  be 
measured.  Dew  point  sensing  within  the  instrument  was 
accomplished  by  condensation  of  moisture  on  a polished 
mirror  and  by  measuring  the  resulting  change  in  mirror 
reflectivity.  Readouts  of  these  measurements  were  obtained 
by  connecting  the  dew  point  hygrometer  to  the  Esterline 
Angus  data  acquisition  system.  Sufficient  time  lapse  was 
provided  between  consecutive  dew  point  readings  for  purging 
of  the  previous  sample  from  the  system. 

The  outlet  of  the  dewpoint  instrument  was  connected 
to  a set  of  drying  tubes  filled  with  Drierite,  a self  indi- 
cating dessicant,  in  order  to  dry  the  air  prior  to  measure- 
ment of  carbon  dioxide  levels.  The  air  drawn  from  the  test 
chamber  inlets  was  tubed  from  the  sampling  device  directly 
to  a separate  set  of  drying  tubes. 

The  dried  inlet  and  outlet  air  streams  were  each  passed 
through  separate  sets  of  absorption  bottles  filled  with 
Ascarite  (a  carbon  dioxide  absorbent)  to  determine  the 
difference  in  levels  of  carbon  dioxide  between  inlets  and 
outlets.  Dessicants  were  also  provided  in  these  bottles 


to  absorb  any  moisture  released  by  reaction  of  the  carbon 
dioxide  with  the  Ascarite.  This  entire  arrangement, 
including  the  sampling  unit,  dew  point  instrument,  drying 
tubes  and  carbon  dioxide  absorption  bottles,  is  shown  in 
Figure  9. 

through  both  the  inlet  and  outlet  streams  was 
metered  by  two  separate  Millipore  flow  limiting  orifices. 
The  orifices  were  chosen  from  a large  set  after  calibration 
to  ensure  equal  flow  rates  through  inlet  and  oulet  tubing. 
These  orifices  permitted  sample  flow  rates  of  one  litre 
per  minute  through  each.  The  orifices  were  located  in  a 
manifold  downstream  of  the  instrumentation,  and  the  air 
flowing  through  them  was  drawn  by  vacuum  pump  that  was 
located  further  downstream. 

Additional  Instrumentation 

For  convenient  and  accurate  weighing  of  the  samples , a 
Mettler  H-35  balance  was  placed  within  the  chamber.  The 
balance  enabled  weighing  of  samples  of  up  to  160  grams  in 
weight  with  an  accuracy  of  0.0001  grams.  The  location  of 
the  balance  within  the  walk-in  chamber  ensured  that  steady 
state  conditions  would  exist  prior  to  the  test,  thus  elimi- 
nating any  potential  problems  of  moisture  condensation  on 
the  fruit  after  the  test.  Thus,  the  critical  parameter,  ft 
coula  be  determined  with  the  desired  accuracy. 

For  accurate  measurement  of  the  other  critical  para- 
meter (the  skin  thickness,  t),  a Unitron  microscope  was  used 
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This  enabled  measurement  of  dimensions  to  within  3.8  microns 
which  was  sufficiently  accurate  for  purposes  of  this  research. 

Advantages  and  Disadvantages  of  the  Setup 

The  advantages  of  such  a setup  for  the  measurement  of 
transpiration  rates  are  listed  below. 


1.  Temperatures  within  the  test  chambers  are  stable, 
and  at  the  test  levels  desired  due  to  the  excel- 
lent heat  exchange  characteristics  involved. 

2.  Relative  humidity  levels  within  the  test  chambers 
are  extremely  stable.  Saturated  solutions  do  not 
change  in  solute  concentration,  even  if  large 
quantities  of  water  are  evaporated,  thus  resulting 
in  a constant  relative  humidity  over  the  test  period. 

3.  Air  flow  rates  may  be  changed  or  held  constant  to 
suit  test  conditions. 

4.  Heat  loads  on  the  test  chamber  are  minimized,  since 
they  are  located  within  a large  chamber  at  the  same 
temperature . 

5.  The  walk-in  chamber  provides  a convenient  storage 
space  so  that  fruits  may  be  brought  to  test  tempera- 
tures before  experiment.  This  ensures  steady  state 
conditions  throughout  the  experiment. 

6.  The  use  of  four  test  chambers  facilitates  simul- 
taneous measurement  of  transpiration  rates  at  dif- 
ferent enviromental  conditions,  thereby  eliminating 
any  variability  between  samples  that  might  occur 

if  the  fruit  were  not  simultaneously  tested.  This 
ensures  the  applicability  of  the  model  to  the  same 
batch  of  fruit. 

7.  The  presence  of  a balance  within  the  walk-in  chamber 
permits  immediate  weighing  after  the  test,  and 
eliminates  the  possibility  of  errors  due  to  con- 
densation that  might  occur  if  the  fruits  were  to  be 
transported  outside  the  chamber  for  weighing.  Also, 
weighing  before  the  test  can  be  done  at  the  same 
temperature  as  the  test,  thereby  ensuring  the 
important  steady  state  conditions  at  the  beginning 
of  the  test. 
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8.  Simultaneous  measurement  of  transpiration  and 
respiration  rates  are  possible. 


The  disadvantages  of  the  setup  are  listed  below. 

1.  A relatively  low  air  flow  is  necessitated  due  to 
the  limitations  in  the  strength  of  the  polyethylene 
bottles  and  the  sealant.  This  problem  could  be 
rectified  by  use  of  stronger  materials. 

2.  Clogging  of  the  tubing  through  the  salt  solution 
due  to  crystallization,  and  entrainment  of  liquid 
through  the  tubes  are  problems  that  occur  in  the 
control  of  relative  humidity.  They  crystallization 
problem  is  controlled  by  periodic  cleaning  of  the 
tubing.  Entrainment  problems  may  be  eliminated  by 
the  use  of  filters. 

3.  The  measurement  of  respiratory  carbon  dioxide  evolu- 
tion rates  is  not  as  accurate  as  would  be  possible 
with  an  experimental  setup  holding  larger  quantities 
of  fruit. 


Experimental  Procedure 

Experiments  were  conducted  in  February  and  March  1980, 
for  determination  of  parameters  and  verification  of  the 
mathematical  model.  Tomatoes  of  the  FTE-12  variety  were 
picked  twice  a week,  over  a three-week  period  from  the  same 
row  of  plants  in  Immokalee,  Florida,  and  transported  to  the 
test  site.  They  were  then  stored  at  the  test  temperature 
within  the  walk-in  chamber  until  thermal  equilibrium  was 
attained.  A sufficient  number  of  fruits  were  picked  each 
time  so  that  two  24-hour  replications  of  the  experiment 
could  be  run.  Shipments  of  the  fruit  were  so  scheduled  as 
to  ensure  continuity  of  the  experiment.  The  procedure  of 


frequent  harvesting  was  followed  so  that  all  fruits  could 
be  tested  at  roughly  the  same  time  after  harvest,  thereby 
minimizing  variability  that  might  have  arisen  otherwise. 
Furthermore,  the  fruits  picked  were  "breakers";  i.e.,  those 
fruit  that  showed  a very  slight  change  in  color  at  the  base 
but  were  otherwise  green  in  color.  This  criterion  was 
used  in  an  attempt  to  test  all  fruits  at  as  close  to  the 
same  stage  of  maturity  as  was  possibly  determinable. 

After  storage  within  the  walk-in  chamber,  the  fruits 
were  tested.  Tests  were  performed  at  temperatures  of  10°C 
(50°F) , 12 . 8°C  (55°F)  and  15.6°C  (60°F) . Four  replications 
were  performed  at  each  storage  temperature.  Since  4 dif- 
ferent relative  humidities  were  tested  at  each  temperature, 
data  for  transpiration  rates  at  12  different  vapor  pressure 
differences  were  obtained.  The  air  flow  rate  through  each 
test  chamber  was  maintained  at  45  litres  per  minute  (1.6 
standard  cubic  feet  per  minute).  To  account  for  any  leak- 
age losses  from  the  test  chambers,  the  air  velocity  within 
each  of  them  was  subsequently  measured  using  an  Annubar 
flow  measuring  tube.  These  results  were  used  in  calcula- 
tions involving  the  convective  mass  transfer  coefficient, 
and  respiration  rates.  The  following  procedures  were  used 
fcr  the  tests. 

Transpiration  and  Respiration  Rates 

Sixty  fruit  were  individually  marked  and  weighed  on 
the  balance  within  the  walk-in  chamber,  and  were  divided 


into  4 equal  batches  of  15  fruit  each.  Each  batch  of  fruit 
was  placed  in  a separate  test  chamber.  Within  each  test 
chamber,  the  samples  rested  on  a pliable  base  made  of  shade 
cloth.  Adequate  spacing  was  provided  between  individual 
fruit  to  prevent  physical  contact  and  to  permit  free  air 
circulation.  The  chambers  were  then  sealed,  and  the  fruit 
allowed  to  remain  under  the  controlled  conditions  for  24 
hours . 

During  the  time  period  of  the  test,  the  temperatures 
and  dew  points  in  each  test  chamber  were  continuously 
monitored  by  the  Esterline  Angus  data  acquisition  system, 
and  the  observations  recorded  automatically  every  15 
minutes.  At  the  end  of  the  test,  the  fruit  were  removed 
from  the  test  chambers,  and  individually  weighed  to 
determine  the  moisture  loss. 

Respiration  data  were  also  obtained  during  the  course 
of  these  tests.  This  was  done  by  individually  weighing  the 
carbon  dioxide  absorption  bottles  before  and  after  each 
test.  The  weight  increases  from  both  inlet  samples  and 
outlet  samples  were  calculated.  The  difference  between 
these  increases  was  considered  to  be  due  to  the  difference 
in  carbon  dioxide  concentrations  between  the  inlet  and 
outlet  resulting  from  respiration.  The  respiration  rate 
was  thus  calculated  from  these  data.  This  gravimetric 
method  was  used  since  it  was  determined  from  an  error 
analysis  that  it  was  the  most  accurate  method  possible  with 
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the  resources  available.  Details  of  this  analysis  are 
presented  in  Appendix  D. 

Surface  Areas.  Radii  and  Skin  Thicknesses 

After  each  24-hour  test,  12  fruits  (three  from  each 
test  chamber)  were  selected,  and  their  radii,  surface  areas 
and  skin  thicknesses  were  measured.  Thus,  for  the  entire 
run  of  the  experiment,  data  were  compiled  for  144  tomatoes 
of  various  sizes.  The  following  procedures  were  used. 

Radii . Since  tomatoes  are  not  precisely  spherical, 
diameters  were  measured  by  calipers  along  three  mutually 
perpendicular  axes  on  each  tomato.  The  results  were  aver- 
aged for  each  fruit,  and  the  radius  calculated. 

areas . Each  tomato  was  individually  peeled, 
the  sections  placed  on  paper,  and  their  outlines  traced. 
Determination  of  surface  areas  was  accomplished  by  using  a 
Talos  digitizer.  The  outline  of  the  sections  were  manually 
tracked,  and  the  coordinates  automatically  fed  into  the 
digitizer,  where  the  computations  were  performed  and  the 
results  displayed.  These  results  were  also  used  for  develop- 
ment of  an  empirical  relation  between  mass  and  surface  area. 

Skin  thicknesses.  Three  thin  sections  of  fruit  flesh, 
including  the  skin  layer,  were  cut  from  each  fruit.  The 
cuts  were  made  in  a direction  perpendicular  to  the  skin 
layer,  so  that  cross  sections  of  the  skin  would  be  visible. 
The  skin  thicknesses  were  measured  using  a Unitron  micro- 
scope with  phase  optics,  which  measured  dimensions  to  the 
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nearest  3.8  microns.  The  results  for  all  three  sections 
were  averaged  and  taken  to  be  representative  of  the  value 
for  the  fruit.  Since  a large  part  of  the  moisture  loss 
from  tomatoes  occurs  through  the  calyx,  some  sections  from 
this  region  were  also  cut  and  measured. 

Summary  of  Measurement  Methods 

The  following  is  a list  of  the  parameters  that  required 
experimental  determination  for  purposes  of  this  research, 
together  with  their  methods  of  measurement. 

Rate  of  moisture  loss  from  fruit  R.  This  was  deter- 
mined by  weight  loss  measurements  on  individual  fruit  after 
a 24-hour  period  in  storage.  The  results  were  corrected 
for  losses  due  to  respiratory  carbon  dioxide. 

Surface  area  (A) . Determination  of  this  parameter  was 
accomplished  by  peeling  samples,  tracing  the  outlines,  and 
measuring  the  surface  area  of  the  traces  on  a digitizer. 

Skin  thickness  (t) . A microscope  was  used  to  measure 
skin  thicknesses  from  thin  fruit  sections. 

Air  velocity  (V) . This  parameter  was  originally  esti- 
mated by  knowing  the  flowmeter  settings  and  the  dimensions 
of  the  test  chambers.  Subsequent  measurement  within  each 
test  chamber  was  made  with  an  Annubar  flow  measuring  tube. 

Ambient  temperature  (TQ . Thermocouples  placed  within 
the  test  chambers  were  used  for  measurement  of  the  ambient 
temperature . 
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Ambient  water  vapor  pressure  (pro) . Dew  points  of  sam- 
ples from  each  of  the  test  chambers  were  measured  by  using 
a dew  point  hygrometer,  and  the  vapor  pressures  were  calcu- 
lated from  these  data.  The  values  were  corrected  to  account 
for  any  errors  due  to  the  moisture  transpired  from  the 
fruits . 

Rate  of  respiratory  heat  generation  (u) . The  rate  of 
carbon  dioxide  evolution  from  the  fruit  through  the  test 
period  was  found  by  absorption  of  carbon  dioxide  from  inlets 
and  outlets  of  the  test  chambers.  The  respiratory  heat 
generation  rate  was  calculated  accordingly. 

Radius  of  fruit  (R) . Measurements  of  diameters  along 
three  mutaully  perpendicular  axes  of  each  fruit  were  aver- 
aged, and  the  radii  calculated. 


CHAPTER  VI 


RESULTS  AND  DISCUSSION 

The  results  of  investigation  for  determination  of  the 
parameters  4>  and  kg  , as  well  as  those  for  subsequent  veri- 
fication of  the  mathematical  model,  has  been  obtained  by 
using  transpiration  rate  values  from  those  fruit  that  were 
undamaged.  Moisture  losses  from  damaged  fruit  were  found 
to  be  far  higher  than  those  from  undamaged  fruit,  and 
depended  on  the  extent  of  damage.  Several  different  types 
of  damage  were  observed.  These  included  unhealed  radial 
and  concentric  growth  cracks,  sand  scars  and  bruises.  The 
data  for  fruit  identified  as  damaged  were  eliminated  from 
consideration,  due  to  the  extreme  variability  of  the 
results  involved.  Damage  to  fruit  generally  results  in  an 
increased  respiration  rate.  However,  since  respiration 
measurements  were  made  on  the  entire  batch  of  fruit,  it 
was  not  possible  to  determine  the  respiration  rate  for 
individual,  undamaged  fruit.  The  effect  of  the  resulting 
error  on  model  accuracy  is  small  as  indicated  by  the  error 
analysis  presented  in  Appendix  C. 
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Directly  Measured  Parameters 
Transpiration  Rates 

The  transpiration  rates  for  each  fruit  were  determined 
from  data  on  weight  loss  and  area.  However,  surface  areas 
were  not  measured  for  each  individual  fruit.  Thus,  their 
values  were  individually  calculated  from  the  mass  of  the 
fruit  by  using  the  developed  empirical  equation  between 
surface  area  and  mass.  The  details  of  this  equation  are 
presented  in  the  section  on  surface  areas. 

The  results  for  transpiration  rates  are  presented  in 
Table  2,  along  with  the  environmental  temperature  and  water 
vapor  pressure.  Table  2 also  presents  the  apparent  water 
vapor  pressure  difference  (the  vapor  pressure  difference 
calculated  by  assuming  the  evaporating  surface  to  be  at 
the  ambient  temperature),  for  each  environmental  condition. 
The  real  vapor  pressure  difference  is  different  from  the 
apparent  value,  and  is  calculated  in  the  mathematical  model. 

A plot  of  the  transpiration  rate  versus  the  apparent 
vapor  pressure  difference  is  presented  in  Figure  10.  Sta- 
tistical regression  performed  on  the  data  from  Table  2 
indicated  the  expected  nonlinear  trend  in  this  curve.  The 
equation  for  the  best  fitting  curve  is 

m = 0.038557  • (p  - p )0-9536 

rsa  r°° 


(5-1) 
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TABLE  2 

EXPERIMENTAL  TRANSPIRATION  RATES  OF  FTE-12  TOMATOES  AT 
VARIOUS  ENVIRONMENTAL  CONDITIONS 


Average 

Storage 

Temperature 

(°c) 

Apparent 
Water  Vapor 
Pressure 
Difference 
(mm  Hg) 

Number  of 
Samples 
Tested 

Mean 

Transpiration 

Rate 

(mg /cm2  hr) 

Standard 
Deviation 
(mg/ cm2hr) 

10.4 

1.1011 

40 

0.0348 

0.0100 

10.4 

2.6509 

44 

0.0973 

0.0248 

10.4 

3.8990 

38 

0.1387 

0.0290 

10.4 

5.4584 

33 

0.1842 

0.0373 

13.4 

1.7541 

39 

0.0765 

0.0182 

13.4 

3.7563 

38 

0.1422 

0.0229 

13.4 

5.1687 

33 

0.1823 

0.0250 

13.4 

7.3017 

27 

0.2482 

0.0304 

16.0 

2.2393 

52 

0.0928 

0.0284 

16.0 

4.7968 

41 

0.1821 

0.0370 

16.0 

6.6209 

50 

0.2339 

0.0427 

16.0 

8.4652 

42 

0.2831 

0.0413 
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where 


P ~ apparent  water  vapor  pressure  at  the  evaporating 
surface 

A correlation  coefficient  of  0.9965  was  obtained  for  the 
above  relation.  These  data  yielded  the  values  of  m,  T and 
Poo  for  use  in  the  determination  of  the  skin  parameters  <J> 
and  kg , and  also  sufficient  data  points  for  comparison  with 
predicted  values. 

Skin  Thickness 

Skin  thicknesses  measured  for  each  fruit  were  rela- 
tively uniform,  and  exhibited  no  variation  with  fruit  size, 
fruit  shape  or  experimental  conditions.  No  relation  was 
observed  between  skin  thickness  and  the  location  on  the 
from  which  the  samples  were  taken.  Samples  taken 
from  the  central  region  of  the  calyx,  however,  were  several 
times  thicker  than  those  taken  from  other  locations  on  the 
fruit.  However,  due  to  the  relative  dryness  of  the  tissue 
of  the  central  region  of  the  calyx,  as  well  as  the  tissue 
immediately  beneath  it;  these  results  were  not  used  in  the 
analysis.  Samples  taken  from  regions  at  the  periphery  of 
the  calyx  were  found  to  have  the  same  skin  thicknesses  as 
those  from  the  rest  of  the  fruit.  Furthermore,  the  tissues 
immediately  beneath  these  regions  were  found  to  be  highly 
turgid,  indicating  the  possibility  of  a high  local  trans- 
P^-ra^i°n  rate.  Thus,  these  readings  were  used  for  subsequent 
analysis.  The  results  are  listed  below. 
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Mean  skin  thickness  (t)  = 0.00598  cm 
Standard  deviation  = 0.00064  cm 
Number  of  fruit  tested  = 144 
Number  of  samples  per  fruit  = 3 
Total  number  of  samples  measured  = 432 

Rate  of  Respiratory  Heat  Generation 

The  values  for  respiratory  heat  generation  rate  were 
calculated  from  carbon  dioxide  evolution  data  in  the  manner 
described  in  Appendix  E.  As  expected,  the  rate  of  respira- 
tion was  found  to  depend  on  temperature  of  storage.  The 
results  are  listed  in  Table  3,  with  the  rate  of  heat  pro- 
duction per  unit  mass  (BTU/ton  day).  The  values  are  within 
the  ranges  presented  by  Lutz  and  Hardenburg  (41)  for  the 
corresponding  storage  temperatures. 

Radius  Measurements 

Linear  regression  was  performed  on  the  measured  data 
(144  values)  and  an  empirical  relation  found  between  fruit 
radius  and  fruit  mass.  The  relation  is  presented  below. 

loge  (R)  = 0.2993  • logg  (M)  + 0.30556  (5-2) 

or 


R = 0.67865  • (M) 0-2993 


(5-3) 


RESPIRATORY  HEAT  GENERATION  RATES  OF  FTE-12 
TOMATOES  AT  THREE  STORAGE  TEMPERATURES 
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where 

M = Mass  of  fruit  (g) 

R - Radius  of  fruit  (cm) 

Since  the  density  of  tomatoes  is  approximately  the 
same  as  that  for  water  (1  g/cm3),  equation  5-2  also 
expresses  the  relation  between  radius  and  volume  (cm3) 
of  the  fruit.  Thus,  this  relationship  may  be  compared  to 
that  for  a perfect  sphere. 

R = 0.6204  • (V  ) ^ ' 3 3 3 (5_4) 

where 

V.  ~ Volume  of  fruit  (cm3) 

A comparison  between  equations  5-3  and  5-4  indicates 
that  tomatoes  are  only  approximately  spherical.  The  corre- 
lation coefficient  obtained  for  equation  5-2  was  0.89, 
indicating  that  other  factors  such  as  shape  may  account  for 
214  of  the  variation  in  R.  Since  it  was  determined  from 
the  error  analysis  (Appendix  C)  that  errors  in  R would  not 
have  a significant  effect  on  the  accuracy  of  the  model,  no 
attempts  were  made  to  model  the  actual  shape  of  the  fruits. 
Equation  5-3  was  used  for  prediction  of  the  radii  of  indi- 
vidual fruit. 
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Surface  Areas 

Statistical  regression  procedures  were  used  for  the 
development  of  an  empirical  relation  between  surface  area 
and  fruit  mass.  The  graph  is  shown  in  Figure  11.  The 
following  relation  was  obtained  for  the  curve  of  best  fit. 

logg  (A)  = 0.65626  • loge  (M)  + 1.60428  (5-5) 

or 

A = 4.97426  • (m)°'65626  (5_6) 

where 

A = Surface  area  (cm2) 

M = Mass  (g) 

Equations  5-5  and  5-6  may  be  used  as  relations  between 
surface  area  and  fruit  volume,  due  to  the  fact  that  the 
density  of  the  fruit  is  approximately  the  same  as  that  of 
water.  Thus,  a comparison  may  be  made  between  equation 
5-6  and  the  relation  between  surface  area  and  volume  of  a 
perfect  sphere. 

A = 4.8360  • (V  ) o ' 6 6 6 7 (5-7) 

The  constants  in  equations  5-6  and  5-7  are  close  in 
value,  indicating  that  for  purposes  of  estimation  of  sur- 
face areas  of  tomatoes,  the  assumption  of  sphericity  is 


4.97426 (M) 0 • 656 2 6 
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Figure  11.  Graph  of  surface  area  versus  mass  for  FTE-12  tomatoes. 
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justifiable.  A correlation  coefficient  of  0.9353  was 
obtained  for  equation  5-5.  Thus  13%  of  the  variation  in 
surface  area  appears  to  be  due  to  variations  in  shape.  No 
further  investigation  was  conducted  on  the  effect  of  shape 
on  surface  area,  primarily  due  to  the  error  analysis,  which 
indicated  very  little  effect  on  the  model  due  to  errors  in 
surface  area.  The  equation  5-6  is,  therefore,  the  empirical 
relation  to  be  used  for  estimation  of  surface  area  from  the 
mass . 

Air  Velocity 

The  average  air  velocity  in  the  test  chambers  was 
determined  to  be  0.36  cm/sec.  This  value  wras  lower  than 
expected  due  to  leaks  from  the  test  chambers.  Low  values 
of  air  velocity  can  result  in  variable  relative  humidity 
at  different  points  along  the  fruit  surface  and  can  also 
result  xn  stratification  within  the  test  chamber.  However, 
the  large  spacing  provided  between  tomato  samples  in  the 
test  chamber  was  considered  to  be  sufficient  to  prevent 
stratification.  Furthermore,  since  moisture  loss  from 
tomatoes  is  localized  in  the  area  around  the  calyx,  it  was 
assumed  that  for  purposes  of  transpiration  calculations, 
the  relative  humidity  may  be  considered  as  constant  over 
the  entire  evaporating  surface. 
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Fractional  Pore  Area  and  Thermal  Conductivity 

Using  the  directly  measured  parameters,  equation  4-25 
was  used  for  the  measurement  of  fractional  pore  area  (<j>)  . 

The  procedure  used  was  that  outlined  in  the  theoretical 
analysis  in  Chapter  3.  The  value  of  the  thermal  conduc- 
tivity of  pore  material  was  calculated  by  using  equation 
(4-13)  and  the  procedure  described  in  the  theoretical 
analysis.  Sample  calculations  for  the  measurement  of  <p 

and  k are  presented  in  Appendices  F and  G.  The  values 
s 

obtained  for  <j>  and  were  then  corrected  by  using  the 
procedure  outlined  in  Appendix  H.  The  results  are  presented 
below. 

Mean  value  of  <j>  = 0.000317 
Standard  deviation  = 0.0000882 
kg  = 1.652  cal/cm  hr°C 

The  value  of  d indicates  that  a very  small  fraction 
of  the  fruit  skin  (0.0317%)  is  covered  by  pores,  and  that 
transpiration  occurs  through  this  small  area.  The  value  of 
kg  is  an  estimate  obtained  from  the  deviation  from  linearity 
of  the  curve  in  Figure  10.  No  value  of  standard  deviation 
is  presented  for  kg , since  ks  is  determined  for  only  one 
transpiration  rate  as  presented  in  Appendix  G.  The  value 
of  kg  presented  above  is  used  as  the  representative  value 
for  all  pores. 


99 


A check  of  the  value  of  kg  is  necessary  in  order  to 
ascertain  whether  it  is  consistent  with  that  for  fruit 
materials  which  consist  largely  of  water  and  air  within  a 
cellulose  matrix.  Since  a large  portion  of  the  pore  volume 
is  composed  of  air  and  the  available  literature  presents 
values  that  primarily  apply  to  fruit  flesh  (with  a high 
water  content  and  low  air  volume) , such  verification  is 
not  readily  obtained.  The  only  fruit  material  with  a 
large  air  volume,  for  which  thermal  conductivity  informa- 
tion is  available,  is  orange  rind.  Data  from  Mohsenin  (48) 
indicate  that  the  thermal  conductivity  of  orange  rind  is 
approximately  1.56  cal/cm  hr°C.  This  value,  while  not 
representative  of  porous  regions  of  the  tomato  skin,  is 
the  only  index  available  for  verification  of  the  value  of 
kg • Since  the  thermal  conductivites  presented  appear  to 
be  fairly  close  in  value,  the  value  of  k^  may  be  considered 
to  be  consistent  with  that  which  might  be  expected  for  a 
material  of  similar  nature. 


Prediction  of  Transpiration  Rates 

Using  the  calculated  values  of  <j>  and  k , predictions 
transpiration  rates  were  attempted  at  different  values 
of  vapor  pressure  difference.  Two  types  of  predictions 
were  attempted,  and  are  discussed  below. 
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Prediction  of  General  Trends 

Using  only  the  mean  value  of  <p , transpiration  rates 
were  calculated  for  each  of  environmental  conditions  pre- 
sented in  Table  2.  The  procedure  followed  was  the  itera- 
tive procedure  involving  equations  4-25  and  4-13.  A 
sample  calculation  is  presented  in  Appendix  I.  It  was 
found  that  the  iterative  procedure  yielded  convergence  to 
a solution  after  5 to  7 iterations. 

The  results  are  shown  in  Table  4 with  values  obtained 
from  the  nonlinear  curve  of  best  fit  represented  by  equation 
5~1.  From  Table  4,  it  may  be  seen  that  good  agreement  is 
obtained  between  experimental  and  calculated  values.  Also 
listed  in  Table  4 are  the  values  of  the  apparent  water 
vapor  pressure  difference  (calculated  assuming  that  the 
evaporating  surface  is  at  the  ambient  temperature) , actual 
water  vapor  pressure  difference  (calculated  from  theoretical 
estimates  of  the  surface  temperature)  and  temperature  of 
the  evaporating  surface.  It  may  be  noted  that  the  tempera- 
ture of  the  evaporating  surface  at  high  water  vapor  pressure 
d^fferencss  is  about  2 C lower  than  the  ambient  temperature. 

A graph  of  predicted  transpiration  rate  versus  actual 
water  vapor  pressure  difference  is  presented  in  Figure  12. 
The  curve  is  found  to  be  linear  indicating  the  importance 
of  accurate  calculation  of  surface  temperature.  The  lin- 
earity of  the  curve  also  indicates  that  the  transpiration 
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coefficient  of  FTE-12  tomatoes  does  not  vary  with  water 
vapor  pressure  difference  in  the  ranges  under  consideration 

Prediction  for  Individual  Samples 

In  this  analysis,  predictions  of  transpiration  rate 
were  made  for  each  individual  fruit  tested.  This  was  done 
by  using  a range  of  values  for  <f>  within  two  standard 
deviations  of  the  mean  value;  a range  within  which  95%  of 
all  values  in  a normal  distribution  are  contained.  Pre- 
dictions were  made  using  successively  incremented  values 
of  <(> , and  the  closest  prediction  thus  obtained  was  used  as 
the  representative  value  for  that  sample.  The  value  of  $ 
determined  was  that  value  within  the  expected  range  that 
yielded  the  best  prediction  for  transpiration  rate  of  the 
sample.  Values  of  <J>  outside  this  range  were  not  used  even 
if  accurate  prediction  was  not  obtained  within  the  range. 

The  average  values  of  the  calculated  and  experimental  tran- 
spiration rates  are  presented  in  Table  5,  along  with  the 
average  value  of  $ for  the  batch  of  fruit. 

The  predicted  values  were  in  close  agreement  with 
experimental  results,  and  showed  no  significant  differences 
at  the  99/0  confidence  interval  when  checked  with  Student's 
t tests.  The  values  of  <f>  obtained  were  found  to  be  close 
to  the  average  value.  A slight  downward  trend  in  the  mean 
value  of  (j>  at  the  highest  storage  temperature  was  observed 
at  higher  vapor  pressure  deficits.  To  check  for  any  skin 


COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL  TRANSPIRATION  RATES  FOR  INDIVIDUAL  SAMPLES 
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permeability  reduction  at  high  water  vapor  pressure  differ- 
ences, all  values  of  4>  were  compared  with  each  other  using 
Student  s t tests.  The  results  indicated  no  significant 
differences  between  any  of  the  values  of  <p  at  the  99%  con- 
fidence interval.  Thus  it  may  be  concluded  that,  within 
the  vapor  pressure  difference  ranges  tested,  the  permeability 
of  the  skins  of  FTE-12  tomatoes  to  moisture  transfer  remains 
constant . 

Transpiration  Coefficient  on  a Unit  Mass  Basis 

The  transpiration  coefficients  of  FTE-12  tomatoes  on 
a per  unit  mass  basis  are  listed  in  Table  6.  The  values 
are  presented  for  a range  of  fruit  weights,  since  the  ratio 
of  surface  area  to  mass  decreases  with  increasing  mass. 
Transpiration  coefficients  for  other  fruits  and  vegetables 
on  a mass  basis  are  presented  by  Sastry  et  al . (62). 

Discussion  on  Nonlinear  Trends 

The  nonlinear  trend  of  the  predicted  results  must 
result  from  the  presence  of  nonlinear  parameters  within  the 
mathematical  model.  The  only  nonlinear  relation  between 
parameters  in  the  model  is  that  between  the  saturation  vapor 
pressure  at  the  evaporating  surface,  and  the  temperature  of 
that  surface.  The  relation  is  expressed  by  equation  4-28. 
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TABLE  6 

TRANSPIRATION  COEFFICIENTS  ON  A 
PER  UNIT  MASS  BASIS 


Mass 

(g) 

Surface 
Area-Mass 
(cm2 /Kg) 

Mean 

Transpiration 
Coefficient 
(Mass  Basis) 
(mg/Kg  hr  mm  Hg) 

Range 

(mg/Kg  hr  mm  Hg) 

80 

1102.5 

50.4 

36.3-64.4 

90 

1058.8 

48.4 

34.9-61.8 

100 

1022.0 

46.7 

33.7-59.7 

110 

988.2 

45.1 

32.6-57.7 

120 

959.2 

43.8 

31.6-56.0 

130 

933.1 

42.6 

30.8-54.5 

140 

910.0 

41.6 

30.0-53.1 

150 

888.7 

40.6 

29.3-51.9 

160 

869.4 

39.7 

28.7-50.8 
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As  illustrated  in  Figure  13,  this  is  a curve  of  increasing 
slope  with  increasing  temperature.  Thus,  a specific  surface 
temperature  reduction  at  a high  storage  temperature  would 
result  in  a greater  vapor  pressure  reduction  than  would  a 
similar  surface  temperature  reduction  at  a lower  storage 
temperature.  If  a curve  of  transpiration  rate  against 
apparent  vapor  pressure  difference  is  plotted  using  data 
from  different  storage  temperatures,  the  difference  in 
the  behavior  of  the  saturation  vapor  pressure  curve  at  the 
different  temperatures  could  cause  the  appearance  of  a 
nonlinear  trend  in  the  curve.  However,  if  transpiration 
rates  are  plotted  against  actual  vapor  pressure  difference 
(calculated  by  considering  actual  surface  conditions) , the 
nonlinear  trend  is  eliminated. 

If  a graph  of  transpiration  rate  versus  actual  vapor 
pressure  difference  is  plotted  using  data  from  the  same 
storage  temperature,  any  nonlinearity  observed  could  be 
due  in  part  to  variations  in  concentration  of  solutes  near 
the  evaporating  surface.  At  high  vapor  pressure  differences, 
the  relatively  large  mass  of  water  initially  evaporated 
could  cause  increased  solute  concentration  near  the  evapo- 
rating surface.  This  would  tend  to  reduce  the  transpiration 
rate  to  a lower  value  than  expected  and  cause  a nonlinearity 
in  the  curve.  Such  trends  have  not  been  noted  in  the 
research,  indicating  that  within  the  range  of  test  conditions 
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Figure  13.  Illustration  of  behavior  of  saturation  line  in  the  range  of  the  test. 
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the  implicit  assumption  of  constant  solute  concentration  is 
justifiable.  However,  for  larger  vapor  pressure  difference 
ranges,  such  effects  may  become  significant. 

Another  factor  that  may  contribute  to  nonlinearity  in 
such  a graph  is  a reduction  in  skin  permeability  with 
increasing  water  vapor  pressure  difference.  Such  trends 
have  not  been  found  to  be  significant  for  the  vapor  pres- 
sure difference  ranges  under  consideration.  However,  it 
is  not  known  whether  or  not  permeability  reductions  would 
occur  at  even  higher  water  vapor  pressure  gradients. 

Further  research  is  necessary  for  investigation  of  such 
phenomena . 


Miscellaneous 

The  effect  of  respiratory  heat  generation  on  transpi- 
ration rate  appears  to  be  very  small,  and  for  the  ranges 
of  vapor  pressure  difference  investigated,  was  found  to  be 
much  smaller  than  the  evaporative  cooling  effect.  This  is 
due  to  the  small  value  of  u.  Only  under  saturated  conditions 
of  storage  does  the  respiratory  heat  generation  term  become 
significant.  Due  to  the  difficulty  involved  in  obtaining 
a saturated  environment  in  the  experimental  setup,  the 
prediction  obtainable  from  the  mathematical  model  for 
saturated  environmental  conditions  could  not  be  verified. 

This  would  be  suitable  for  further  research. 
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The  low  value  of  the  boundary  layer  resistance  to 
moisture  transfer,  even  at  the  low  air  velocities  indicate 
that  it  is  not  a highly  significant  factor.  However,  it 
is  desirable  to  account  for  its  effect  as  well.  Studies 
of  the  effects  of  increased  air  velocity  would  be  a topic 
to  be  investigated  in  future  research. 


CHAPTER  VII 


CONCLUSIONS 


The  following  conclusions  are  made. 


1.  Within  the  range  of  conditions  of  the  test,  the 
mean  transpiration  coefficient  of  mature  green 

^oina^oes  on  a per  unit  area  basis  is 
0.04567  mg/cm-'hr  mm  Hg,  and  the  standard  devi- 
ation is  0.01271  mg/cm  hr  mm  Hg. 

2.  The  transpiration  coefficient  of  FTE-12  tomatoes 
on  per  unit  mass  basis  varies  with  the  mass,  and 

rai1fn  ? ^"ow  va^ue  of  28.7  mg/Kg  hr  mm  Hg  for 

a 160  g fruit,  to  a high  value  of  64.4  mg/Kg  hr 
mm  Hg  for  a 80  g fruit. 

3.  The  skins  of  FTE-12  tomatoes  are  highly  impervious 
to  moisture  transfer,  possessing  a fractional 
pore  area  of  only  0.000317 


4.  For  the  range  of  vapor  pressure  differences  tested 
the  permeabilities  of  the  skins  of  FTE-12  tomatoes 

cons tant  and  independent  of  the  vapor  pressure 
difference. 

5.  The  shape  of  FTE-12  tomatoes  may  be  approximated 
as  spherical  for  purposes  of  calculation  of  sur- 
face area. 

The  mathematical  model  predicted  transpiration 
rates  that  are  in  close  agreement  with  experi- 
mentally measured  values. 


7.  Nonlinear  trends  in  transpiration  rate  for 
increasing  water  vapor  pressure  difference  are 
due  to  cooling  effects  at  the  surface  of  evapora- 
tion, and  the  trends  may  be  linearized  by  calcu- 
lation of  vapor  gradients  using  the  mathematical 
model . 

8.  Evaporating  surface  temperatures  of  FTE-12  tomatoes 

kj  lower  than  the  ambient  temperature  by  up  to 
2 C,  depending  on  environmental  conditions. 


Ill 
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9.  The  rate  of  respiratory  heat  generation  for 
mature  green  FTE-12  tomatoes  varies  from  4050 
BTU/ton  day  at  10.4  C,  to  5580  BTU/ton  day  at 


10.  The  respiratory  heat  generation  rate  has  a very 
small  effect  on  transpiration  for  the  ranges  of 
vapor  pressure  difference  investigated. 

11.  Air  velocity  in  storage  has  a very  small  effect 
on  moisture  loss. 


CHAPTER  VIII 


SUGGESTIONS  FOR  FUTURE  RESEARCH 


The  following  is  a list  of  suggestions  for  future 
research. 


1.  The  prediction  of  the  mathematical  model  for 
transpiration  rates  under  saturated  environmental 
conditions  remains  to  be  checked,  and  experi- 
mental verification  is  necessary. 

2.  Verification  of  the  model  for  other  approximately 
spherical,  skinned  commodities  would  be  desir- 
able. Examples  of  such  commodities  include  apples, 
plums  and  cherries. 

3.  Measurement  of  transpiration  rates  at  higher 
ranges  of  vapor  pressure  difference  would  pro- 
vide information  as  to  whether  or  not  skin 
permeabilities  are  reduced  under  these  conditions. 

4.  Measurement  of  transpiration  rates  of  FTE-12 
tomatoes  at  other  stages  of  maturity  and  at 
different  times  after  harvest  would  contribute 

to  a better  overall  understanding  of  the  process. 
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APPENDIX  A 


DRIVING  FORCE  FOR  DIFFUSIVE  MASS  TRANSFER 

The  most  commonly  used  relation  for  diffusive  mass 
transfer  is  Fick's  law  of  diffusion  where,  for  species  i 
in  a mixture  of  gases 


Ci  = Concentration  of  species  i 

$i  = Molecular  diffusivity  of  species  i in 
the  mixture 

However,  Fick's  law  is  not  strictly  applicable  to  non- 
isothermal  systems,  such  as  the  situation  dealt  with  in 
transpiration.  Also,  for  variable  density  of  the  medium, 
the  mole  fraction  is  a more  convenient  concept  for  use  as 
a driving  force.  Thus,  Fick's  law  becomes 


(A- 1) 


where 


mi  = Molar  flux  of  species  i 


riii  = -6iCVxi 


(A- 2) 


where 


Xi  = Mole  fraction  of  species  i 
C = Total  molar  concentration  of  mixture 
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The  general  concept  for  the  driving  force  for  mass 
transfer  is  the  chemical  potential  for  the  species  which  is 
defined  for  a perfect  gas  as 


Pi  Cpi 


Cp  x 


l°g£ 


+ Rd  • 0 • loge(xJ 


+ Rd  * 6 • loge (P) 


(A- 3) 


where 

yi  = Chemical  potential  of  species  i 
8 = Absolute  temperature 

JL, 

0 = Reference  temperature 

Cpi  = Specific  heat  of  species  i at  constant 

pressure,  assumed  temperature  inedpendent 

Rd  = Universal  gas  constant 

P = Total  pressure 


Thus , 

Pi  = Pi(0,P,Xi) 

In  a constant  pressure  system 

9yi  d\si 

VPi  - 5^T  + IF  ve  (A'4) 

The  term  involving  the  gradient  of  x.^  is  the  driving 
force  due  to  the  gradient  in  the  mole  fraction,  while  the 
term  involving  the  gradient  of  0 is  the  driving  force  for 
thermal  diffusion.  In  the  nonisothermal  transpiration 
situation  considered  in  this  research,  thermal  diffusion 
effects  may  be  neglected  due  to  the  relatively  small 
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temperature  gradients  under  consideration.  In  addition,  the 
gradients  in  concentration  of  all  other  species  in  the  mix- 
ture cause  driving  forces  for  the  diffusion  of  species  i, 
but  their  effects  are  generally  small. 

While  the  chemical  potential  is  the  generalized 
concept  for  the  driving  force  for  mass  flow,  it  is  diffi- 
cult to  determine,  and  is  not  commonly  used  in  practice. 

For  these  reasons,  the  mole  fraction  appears  to  be  a 
satisfactory  choice  for  the  driving  force  for  diffusive 
mass  transfer.  Furthermore,  the  mole  fraction  may  be 
directly  converted  into  partial  pressures,  the  values  for 
which  are  easily  obtainable  in  the  case  of  water  vapor. 

The  relation  between  mole  fraction  and  partial  pressure 
for  constant  total  pressure  conditions  is 


where 

Pi  = Partial  pressure  of  species  i 
pt  = Total  pressure  of  the  mixture 

Thus,  the  partial  pressure  of  water  vapor  is  used  as  the 
driving  force  for  transpiration. 

It  is  appropriate  to  state  that  in  heat  transfer 
equations,  the  Dufour  effect  (heat  transfer  arising  from 
concentration  gradients)  has  been  neglected  since  its 
magnitude  is  small. 


APPENDIX  B 

BOUNDARY  CONDITION  AT  EVAPORATING  SURFACE 


At  the  evaporating  surface,  the  latent  heat  removed 
is  continuously  supplied  by  conduction  of  heat  from  within 
the  fruit  and  by  conduction  (through  the  pores)  from  with- 
out . Thus , 


L 


mr 


^ext  Qint 


(B-l) 


where 

Qext  = Heat  flux  from  the  exterior  to  the 
interface 

Qint  = Heat  flux  from  the  interior  to  the 
interface 

L = Latent  heat  of  vaporization  of  water 

iflp  = Rate  of  mass  flow  of  water  vapor  per 
unit  pore  area 


Using  a sign  convention  such  that  heat  flow  toward  the 
interface  is  positive, 


‘ext 


k dT<°) 


‘s  dz 


(B-2) 


where 


ks  = Thermal  conductivity  of  the  pore 


Thus,  the  boundary  condition  becomes 
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(B—  3) 


To  determine  Qint>  we  consider  the  energy  equation  for 
conduction  within  the  fruit. 

Since  it  has  been  assumed  that  heat  transfer  occurs 
primarily  in  the  radial  direction  of  the  fruit,  we  may 
write  the  equation  for  conduction  in  the  form 


r = Radius  coordinate 

T = Temperature  at  radius  r 

u = Rate  of  respiratory  heat  generation  per 
unit  volume 

kf  = Thermal  conductivity  of  fruit  flesh 


By  rearranging  terms  in  equation  B-4  and  integrating 


By  applying  the  condition  that  the  gradient  at  zero  value 
of  r is  finite, 


(B-4) 


where 


(B-5) 


where 


Bj.  = Constant  of  integration 


B 


0 
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Thus , 


dT  _ _ u • r 
dr  ” 3k f 


(B-6) 


The  evaporating  surfaces  are  located  at  a distance  d from 
the  center  of  the  fruit,  given  by 


d = R - t 


(B-7) 


where 


R = Radius  of  fruit 
t = Skin  thickness 

Since,  for  tomatoes,  R >>  x, 

d = R (B-8) 


Thus  , 


Qint  " kj 


dT  (R) 
dr 


(B-9) 


Substituting  the  temperature  gradient  from  equation  B-6  into 
equation  B-9, 

Qint  - !i-h£  (B-10) 


Substitution  of  this  value  for  Qint  into  equation  B-3,  yields 
the  boundary  condition  at  the  evaporating  surface 


dT  (0) 
dz 


= L 


mr 


u 


• R 

3 


APPENDIX  C 


ERROR  ANALYSIS 

An  analysis  of  the  effect  of  experimental  errors  on 
the  calculated  parameters  <j>  and  ks  is  necessary  for  proper 
choice  of  instrumentation  for  those  parameters  that  are 
critical  to  the  accuracy  of  the  model.  However,  such  analyses 
invariably  presuppose  an  at  least  approximate  knowledge  of  all 
variables  involved.  Since  even  approximate  values  of  some  of 
the  parameters  pertinent  to  this  research--especially  those 
which  pertain  to  properties  of  tomatoes--are  unavailable;  an 
analysis  has  been  attempted  for  some  of  the  data  presented 
by  Villa  (75)  for  apples.  Even  so,  all  the  required  values 
are  not  available,  thereby  necessitating  assumptions  and 
guesswork  in  some  cases.  Thus,  the  analysis  is  useful  only 
for  purposes  of  identifying  such  parameters  that  may  need 
special  accuracy  in  measurement  due  to  their  significant 
effect  on  <j>  and  ks.  Table  C-l  contains  a list  of  all  the 
values  of  the  parameters  that  have  been  taken  from  the 
literature,  or  assumed  (if  no  information  was  available) 
and  the  references  used  for  obtaining  such  values. 
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TABLE  C-l 

VALUES  OF  PARAMETERS  USED  IN  ERROR  ANALYSIS 


Parameter 

Value 

Source 

L 

590  cal/g 

Keenan  et  al.  (38) 

CP 

0.44  cal/g  °K 

Keenan  et  al.  (38) 

4.1  cal  cm  hr  °K 

Mohsenin  (48) 

<P 

0.004 

Villa  (75) 

R 

3.8  cm 

Assumed 

u 

0.0104  cal/ cm 3 hr 

Lutz  and  Hardenburg  (41) 

Tb 

1. 67°C 

Villa  (75) 

M(to  find  (})) 

0.00089  g/hr 

Villa  (75) 

M(to  find  ks) 

0.00446  g/hr 

Villa  (75) 

6 

0.000847  g/cm2  hr  mm  Hg 

National  Research  Council  (49) 

*d 

0.012  g/cm2  hr  mm  Hg 

Villa  (75) 

Ps 

5.1  mm  Hg 

Villa  (75) 

p^Cto  find  <j>) 

4.75  mm  Hg 

Villa  (75) 

p^Cto  find  ks) 

3.35  mm  Hg 

Villa  (75) 

A 

182  cm2 

Calculated  from  R 

T 

0.04  cm 

Assumed 

Tb  - Ts 

0. 02°C 

Assumed 

(to  find  ks) 
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From  equation  4-25,  we  have 


<p  = 


_1_ 

hd 


(C-l) 


The  variables  in  this  equation  requiring  experimental 
determination  are  t,  A,  M,  p^  and  h^.  The  error  in  <p  is 
then , 


A 4> 


• Aft  + 

'94>' 

• At  + 

’94)' 

19MJ 

9t 

V.  ^ 

[9Aj 

AA 


+ 


W-J  ■ + K 


Ah, 


(C-2) 


In  this  analysis,  it  is  assumed  that  errors  in  measure- 


ment are  small,  so  that  higher  order  terms  in  the  Taylor's 
series  expansion  (with  respect  to  each  of  the  variables)  may 
be  considered  negligible. 


T A(Pg  ~ Poo) 

M = 6 * m2 

3M  A2 


(C-3) 


where 


9_£ 

9t 


(C-4) 


94>  5ft(ps  " Po°) 

^ " X2 


(C-5) 
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9 4> 

3Poo 


T • A 


6 • M • 


(C-6) 


9 (f> 

"sEd 


(C—  7 ) 


Substituting  the  values  from  Table  C-l  into  equations 
C-3  and  C-7,  the  following  results  are  obtained. 


" 

11 

3x 

IS  ~ 

3 <f)  ; 

9poo 

3 ( p 

dhj  : 


0.7431  (g/hr)'1 
0.0157  (cm)"1 
-3.6  x 10“6  (cm2)-1 
0 . 00189  (mm  Hg)  1 
0.0053  (g/cm2hr  mm  Hg) 


- 1 


It  appears  from  the  above  values,  that  the  most  critical 
paramter  is  M,  since  an  error  in  its  measurement  would  result 
in  a nearly  comparable  percent  error  in  <f>. 

For  the  determination  of  ks , equation  4-13  must  be  used. 
By  algebraic  manipulation  of  this  equation, 

ks  = (C-8) 

where 

C ft 

“ = jrfr 
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S = loge  (n) 

(Ts  - Tb)  to 


n = 


uR  LM 

Y " X ■ 


The  parameters  in  equation  4-13  that  must  be  determined 
directly  by  experiment  are  x,  M,  A,  Tb , u and  R.  Since  it 
is  necessary  to  calculate  ks  at  a somewhat  higher  water 
vapor  pressure  difference  (and  hence,  a higher  value  of  M) 
than  that  for  <j> , the  larger  values  of  M and  vapor  pressure 
difference  (presented  in  Table  C-l)  will  be  used  in  these 
calculations.  The  error  in  ks  due  to  errors  in  directly 
measured  parameters  is 


Aks  = 


'9k 

[3ks' 

f9ks| 

AA  + 

(9ks| 

Ax  + 

[aft  J 

AM  + 

Ua  j 

1st 

9x 

AT, 


+ 


r sks] 

Au  + 

3u 

v > 

3R 

AR 


From  equation  C-8,  we  have  the  following  partial 
derivatives . 

3k„ 


3 T 

9k£ 

9M 

3k, 


10 

5 

to 


1 

Ift 


YA<pJ  J 


r 

gtOT  _j_  CUT , 

A r)Y' 


nr 


LM 


(C-9) 


(C-10) 


(C-ll) 


9A 


(C- 12) 
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9k 


s 

9Tb 

_ 0)z  T 

n y?2 

(C-13) 

9k 

s 

(jJTK 

9u 

II 

LO 

\Tn f 
N 

(C-14) 

9ks 

9R 

_ WTU 

3y52 

(C-15) 

Substituting  the  values  from  Table  C-l  into  equations 
C-10  to  C-15, 

0.00031  (cal/cm2  hr  °C) 

0.00093  (cal/g  cm  °C) 

1.3  x 10-6  (cal/cm3  hr  °C) 

.9  x 10-6  (cal/cm  hr  °C2) 

.0  x 10“7  (cm2 / ° C) 

1.338  x lO-9  (cal/cm2  hr  °C) 

It  may  be  noted  from  the  above  relations  that  all 
the  coefficients  associated  with  the  various  measure- 
ment errors  are  small.  Thus,  none  of  the  directly  measured 
parameters  may  be  considered  critical  for  the  determination 


9k£ 

9t 

9k£ 

9ft 

9k£ 

9A~ 

9k 

s 

9T^ 

9ks 

9u 

9ks 

9R 


= 6 


= 5 
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of  ks.  However,  we  must  also  consider  the  effect  of  errors 
in  <p  and  in  the  surface  temperature  depression  (Ts  - Tb)  on 
the  error  in  ks . Thus,  from  equation  C-8 


(C-16) 


(C-17) 


Substitution  from  Table  C-l  yields 


3k 


s 


-g—  = 0.00306  (cal/cm  hr°C) 

3k 

g (’’j's  f pb)  = 6.9  x 10-6  (cal/cm  hr°C2) 

Since  these  coefficients  are  also  small,  neither  <f>  nor 
the  surface  temperature  depression  (Ts  - Tb)  are  critical 
for  the  calculation  of  ks. 

It  is  also  necessary  to  consider  those  parameters  that 
may  be  critical  to  subsequent  predictions  by  the  mathe- 
matical model.  Prediction  involves  accurate  calculation  of 
the  temperature  depression  (Ts  - T^)  at  the  evaporating 
surface.  Thus,  from  equation  4-13, 


(C- 18) 


where 


e = exp  (o) 


127 


The  errors  in  the  determination  of  the  variables  M,  A,  <f> , 
u,  R and  x on  the  error  in  are  found  in  a manner  similar 
to  the  analyses  already  presented  for  <J>  and  ks . Thus,  from 
equation  C-18 


9Td 
9 ft 


= Jl 

A<J> 


where 


= “Mi 

3wft 


- 1)  + 1 


Lie 

" *T 


9Td  _ Mip 
TK~  " A2(j> 


(C-19) 


(C-20) 


9T 

c 

9q“ 

9T 

9u 


M1' 


d R 


(e  - 1) 


(C-21) 


(C-22) 


9T 


d u 


9R  3u 


(e  - 1) 


(C-23) 


9T  , 

d ye 

9x  ^ 
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Substitution  of  values  from  Table  C-l  (using  higher  range 
value  for  ft) , yields 


3T 

— ^ = -7.907  ( °C  hr/g) 
9M 


9T 

■^  = 0.0001936  ( °C/cm2 ) 
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9Td 

30 

3T 

d 

3Td 

3R 

9Td 

3t 


= 8.8083  CO 
= 0.0124  (°C  cm3  hr/cal) 
= 3.38  x 10~5  (#C/cm) 

= -0.8776  (°C/ cm) 


From  the  above  values,  it  may  be  seen  that  the  critical 
parameters  for  prediction  are  M,  0,  and  x,  since  the  coef- 
ficients corresponding  to  their  errors  are  relatively  large. 
Since  the  only  critical  parameter  associated  with  the  esti- 
mation of  0 is  M,  we  may  eliminate  <p  from  the  group.  Thus, 
special  care  must  be  taken  in  the  determination  of  M and  x 
for  the  use  of  the  mathematical  model. 

Total  Errors  in  Results 

The  preceding  analysis  is  used  for  identification  of 
critical  parameters  only.  However,  the  same  sensitivity 
analysis  may  be  used  for  estimating  the  errors  in  the 
results.  The  individual  errors  are  estimated  as  the 
products  of  the  influence  coefficients  and  the  correspond- 
ing instrument  sensitivities.  One  method  for  estimating 
total  error  in  a given  parameter  is  by  simple  summation 
of  individual  errors,  as  presented  in  equation  C-2. 

However,  a more  reliable  method  is  the  use  of  the  square 
root  of  the  sum  of  squares  of  the  individual  errors.  Thus, 
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( 


N 


l 

i = l 


, 1/2 


where 


(C-25) 


Pd  = Indirectly  estimated  parameter  value 
p^  = Measured  parameter  value 


Influence  coefficient 


Table  C-2  lists  the  values  of  the  parameters  in  equations 
4-25  and  4-13  for  FTE-12  tomatoes.  Values  of  the  influence 
coefficients  and  estimated  measurement  errors  are  presented 
in  Tables  C-3  through  C-5.  The  values  of  the  influence 
coefficients  are  calculated  from  the  equations  from  the 
preceding  sensitivity  analysis,  using  parameter  values  from 
Table  C-2. 

From  Table  C-3,  the  individual  errors  may  be  substituted 
into  equation  C-25  to  yield  the  total  error  in  <)> 


A<j>  = 0.0000151 


This  corresponds  to  a total  error  of  57o. 

Using  a similar  procedure  with  the  values  from 

Tables  C-4  and  C-5, 

Ak  = 0.00026  cal/cm  hr  °C 
s 

AT,  = 0.047  °C 

a 

The  error  of  k is  0.027,  and  that  of  T,  is  6.37,. 

s d 
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TABLE  C-2 

VALUES  OF  PARAMETERS  FOR  ESTIMATION  OF 
ERRORS  IN  RESULTS  FOR  FTE-12  TOMATOES 


Parameter 

Value 

L 

590  cal/g 

C 

P 

0.44  cal/g  °K 

k 

s 

1 . 65  cal/cm  hr  °C 

0.000317 

R 

2.88  cm 

u 

0.04694  cal/cm3  hr 

T„ 

10.4  °C 

fl  (to  find  cj> ) 

0.004  g/hr 

M (to  find  kg) 

0.0169  g/hr 

6 

0.0008616  g/cm  hr  mm  Hg 

hd 

0.6779  g/cm2  hr  mm  Hg 

Ps 

9 . 432  mm  Hg 

Pco  (to  find  4>) 

8.331  mm  Hg 

pro  (to  find  ks) 

5.432  mm  Hg 

A 

115  cm2 

T 

0.00598  cm 

T - T (to  find  k ) 
b s s' 

0.74  °C 

INFLUENCE  COEFFICIENTS  AND  ESTIMATED  MEASUREMENT  IN 
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INFLUENCE  COEFFICIENTS  AND  ESTIMATED  MEASUREMENT  ERRORS  IN 
DETERMINATION  OF  THERMAL  CONDUCTIVITY  OF  PORE  MATERIAL 
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INFLUENCE  COEFFICIENTS  AND  ESTIMATED  MEASUREMENT  ERRORS  IN 
DETERMINATION  OF  SURFACE  TEMPERATURE  DEPRESSION 
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APPENDIX  D 


ERRORS  IN  DETERMINATION  OF  RESPIRATION  RATES 

In  order  that  the  respiration  rates  (measured  for 
purposes  of  the  mathematical  model)  be  applicable  to  the 
same  batch  of  fruit;  it  is  necessary  to  measure  them  during 
transpiration  tests.  Since  the  amount  of  respiratory  carbon 
dioxide  released  per  unit  time  from  tomatoes  is  generally 
small  in  comparison  with  atmospheric  carbon  dioxide  concen- 
trations, accurate  determination  necessitates  the  use  of 
large  fruit  samples.  Furthermore,  the  rate  of  air  flow 
through  the  fruit  samples  must  be  small  enough  to  show  a 
significant  difference  in  carbon  dioxide  concentration  prior 
to  and  following  passage  through  the  samples;  yet  large 
enough  so  as  to  prevent  stagnant  pockets  of  carbon  dioxide 
in  the  storage  space.  In  this  research,  relatively  small 
samples  of  fruit  are  used,  due  to  space  limitations.  Hence, 
an  analysis  is  necessary  to  estimate  the  errors  to  be 
expected  in  measurement  of  respiration  rates. 

In  this  analysis,  the  experimental  setup  considered  is 
similar  to  the  setup  actually  used.  The  analysis  is  per- 
formed for  the  lowest  respiration  rate  expected  in  the  test. 
The  following  conditions  are  assumed  to  prevail. 
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Test  temperature  = 10°C 

Air  flow  rate  - 45  1/min 

Number  of  fruit  in  test  chamber  = 15 

Average  weight  of  each  fruit  = 120  g 

Rate  of  respiratory  carbon  dioxide  evolution 
= 18.18  mg /Kg  hr 

Concentration  of  carbon  dioxide  in  atmosphere 
= 0.03147o  by  volume 

Density  of  air  at  10°C  and  atmospheric  pressure 
= 1.17  g/1 

The  values  for  respiratory  carbon  dioxide  evolution 
rates  are  calculated  from  data  given  by  Lutz  and  Harden- 
burg  (41)  for  mature  green  tomatoes.  The  errors  are 
calculated  for  the  two  available  experimental  methods, 
presented  below,  in  order  to  choose  between  them. 

1.  Infrared  Analyzer  Method.  In  this  setup,  one 
litre  of  air  per  minute  is  drawn  from  both  inlet  and  outlet 
of  the  test  chamber.  The  samples  are  passed  through  tubes 
within  the  analyzer,  where  the  relative  concentrations  of 
carbon  dioxide  are  measured  by  infrared  absorption.  Instan- 
taneous readouts  are  obtained,  and  the  respiration  rates 
may  be  calculated  from  the  results.  The  analyzer  has  a 
range  of  1000  ppm  of  carbon  dioxide  by  volume,  and  an 
accuracy  of  ± 17o. 

In  order  to  analyze  this  method,  the  concentrations 
of  carbon  dioxide  at  the  inlet  and  the  outlet  are  calcu- 


lated . 
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Concentration  of  C02  at  inlet  = 314  ppm 

Then , 

Mass  of  C02  per  unit  mass  of  air  at  inlet 

_ 314 (parts  C02)  x 44(molecular  weight  of  C02)  

(10  - 314; (parts  of  air)  x 28 . 97 (molecular  weight  of  air 

= 0.0004771  g C02/g  air 

Mass  flow  rate  of  air  = 45(l/min)  x 1.17(g/l)  x 60(min/hr) 

= 3159  g/hr 

Mass  of  C02  in  inlet  air  = 0.0004771  x 3159 (g/hr) 

= 1.51  g/hr 

Mass  of  tomato  sample  = 15  x 120(g)  = 1880  g = 1.8  Kg 

Mass  of  C02  added  to  air  stream  every  hour 
= 1.8 (Kg)  x 18.18(mg/Kg  hr) 

= 32.724  mg/hr 


Then , 

Mass  of  C02  per  unit  mass  of  air  at  outlet 

= — -—^315 9(g)2?4(S)  = °-0004884  g * c°2/g  * air 

This  corresponds  to  a carbon  dioxide  outlet  concentra- 
tion of  321.4  ppm.  Thus, 

Difference  to  be  measured  by  analyzer 
= 321.4  - 314  = 7.4  ppm 

This  quantity  is  too  low  for  the  accuracy  of  the  analyzer. 
Thus,  this  method  of  measurement  is  unsatisfactory. 
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2.  Gravimetric  Method.  In  this  setup,  one  litre  per 
minute  of  air  is  drawn  both  from  inlet  and  outlet  of  the 
test  chamber.  The  air  streams  are  dried,  and  then  passed 
through  carbon  dioxide  absorbents.  The  change  in  weights 
of  the  absorbents  (after  a 24-hour  test  period)  are 
measured  to  determine  the  differences  between  inlet  and 
outlet  due  to  respiration.  The  most  accurate  balance 
available  weighs  with  an  accuracy  of  up  to  ± 0.0001  g. 

The  analysis  is  as  follows. 

Mass  of  C02  absorbed  from  inlet  sample  in  24  hr 

= 1440(1  day)  x 1.17(g/l)  x 0.0004771(g  C02/g  air) 

= 0.8037  g 

Mass  of  C02  absorbed  from  outlet  sample  in  24  hr 

= 1440 (1/day)  x 1.17(g/l)  x 0.0004884(g  C02/g  air) 

= 0.8228  g 

Difference  in  absorption 
= 0.8228  - 0.8037 
= 0.0191  g 

Since  the  balance  can  weigh  with  an  accuracy  of  up  to 
± 0.0001  g,  this  method  is  more  suitable  for  the  determination 
of  respiration  rates. 


APPENDIX  E 


CALCULATION  OF  RESPIRATION  RATE 


The  mean  difference  in  carbon  dioxide  absorption  between 
test  chamber  inlets  and  outlets  at  the  three  test  tempera- 
tures are  given  below. 

Test  Temperature  Difference  in  C02  Absorption 

10 . 4°C  0.0591  g/day 

13 . 4°C  0.0692  g/day 

16 . 0°C  0.0821  g/day 

A sample  calculation  is  presented  below  for  the  reading 

at  10. 4° C.  The  following  parameters  are  known. 

Mass  of  fruit  in  test  chamber  (Mf)  = 1.91  Kg 

Density  of  air  at  10.4°C  (pa)  = 1.17  g/1 

Rate  of  air  flow  through  test  chambers  (vt)  = 14.2  1/min 

Rate  of  air  flow  through  absorption  bottles  (va)  = 1 1/min 

The  respiration  rate  may  be  calculated  from  these  values 
by  assuming  that  the  difference  in  C02  absorption  is  due  to 
respiratory  carbon  dioxide. 

Increase  in  mass  fraction  of  air  in  passing  through 
the  test  chamber 
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0.0591  (g/day) 

v (1/min)  • p (g/1)  • 1440 (min/ day) 

cl  cl 

= 0.000352 


Total  mass  of  air  flowing  through  test  chamber  in 
24  hours 

= v (1/min)  • p (g/1)  • 1440 (min/day) 

L cl 

= 23857  g/day 

Total  mass  of  C02  released  by  fruit  sample  in 
24  hours 

= 0.000352  x 23857 (g/ day) 

= 0.8398  g/day 


Rate  of  C02  evolution  from  fruit 


0 . 8398 ( 

27(K7 


g/day; 

/day) 


: 1000  (m 
1791  (Kg’ 


III 


= 18.42  mg/Kg  hr 


Next,  this  quantity  is  multiplied  by  a conversion 
factor  of  220,  which  is  obtained  from  equation  4-2,  and 
which  represents  the  heat  production  rate  per  unit  carbon 
dioxide  evolution  rate  in  BTU/ton  day/ (mg/Kg  hr). 

Thus,  the  heat  generation  rate 

= 18. 42 (mg/Kg  hr)  x 220 (BTU  Kg  hr /mg  ton  day) 

= 4050  BTU/ton  day 

To  determine  the  rate  of  heat  generation  per  unit 
volume,  another  conversion  factor  from  equation  4-2  is 


used. 
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Heat  generation  rate  = 18.42 (mg/Kg  hr) 

x 2 . 55 (cal/mg  CO2) 

= 46.94  cal/Kg  hr 

Since  the  density  of  fruit  is  the  same  as  that  for 
water  (1  gm/cm3), 

46.94(cal/Kg  hr)  x l(g/cm3) 

U 1000 (g/Kg) 

= 0.04694  cal/cm3  hr 


APPENDIX  F 


ESTIMATION  OF  FRACTIONAL  PORE  AREA 


A sample  calculation  is  presented  for  illustration  of 
the  method  of  initial  estimation  of  <J) . The  calculation  is 
from  equation  4-25,  where 


(4-25) 


From  the  results  presented  in  Table  2,  the  lowest 
transpiration  rate  and  apparent  vapor  pressure  difference 
are  the  following. 

m = 0.0348  mg/ cm2  hr 

p - p = 1 . 1011  mm  Hg 

To  account  for  variations  between  individual  samples, 
the  value  of  the  transpiration  rate  is  taken  as  the  value 
obtained  from  the  curve  of  best  fit,  as  represented  by 
equation  5-1.  Thus,  for  an  apparent  vapor  pressure 
difference  of  1.1011  mm  Hg,  we  have,  from  equation  5-1: 

m = 0.0412  mg/cm2  hr 
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For  purposes  of  initial  estimation,  the  assumption  is 
made  that  the  evaporating  surface  is  at  the  ambient  tempera- 
ture due  to  low  rates  of  moisture  loss,  and  hence,  low 
evaporative  cooling  effects. 

Ps  = Psa  (F"1> 

The  values  of  the  other  parameters  in  equation  4-25 
are  listed  below: 

t = 0.00598  cm 

6 = 0.8616  mg/cm  hr  mm  Hg 
hd  = 0.6779  g/cm2  hr  mm  Hg 

The  value  for  6 has  been  determined  from  equation  4-27 
and  converted  to  the  appropriate  units.  The  value  for  hd 
is  determined  from  air  velocity  measurements  and  equation 
4-1. 

Substitution  of  the  parameter  values  into  equation 
4-25  yields  the  initial  estimate  of  <J> 

4)  = 0.0003012 

This  estimate  is  based  on  the  assumption  regarding  ps, 
and  will  be  corrected  to  account  for  evaporative  cooling 
and  respiratory  heating  effects. 


APPENDIX  G 


ESTIMATION  OF  THERMAL  CONDUCTIVITY  OF 
PORE  MATERIAL 


An  initial  estimate  of  kg  is  obtained  by  comparing 
the  transpiration  rate  obtained  from  the  empirical  equation 
5-1,  and  the  linear  model.  The  difference  is  attirbuted 
to  the  surface  temperature  depression  due  to  evaporative 
cooling.  A sample  calculation  is  presented. 

The  linear  model  is  obtained  from  equation  4-25  by 
assuming  the  surface  to  be  at  ambient  temperature.  Thus, 


(p  - p ) 

• v*r  s a co' 

III-.  = 

1 T + -L 

6*4>  hd 

where 


(G-l) 


m 


1 


linear  model  prediction  of  transpiration 
rate 


The  values  of  the  parameters  on  the  right  hand  side 
of  the  equation  are  as  follows. 

x = 0.00598  cm 
6 = 0.8616  mg/cm  hr  mm  Hg 
hd  = 0.6779  mg/cm2  hr  mm  Hg 
<j>  = 0.0003012  (see  Appendix  F) 
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The  calculation  of  transpiration  rate  can  be  made  for 
any  one  value  of  water  vapor  pressure  difference  at  which 
evaporative  cooling  is  significant.  An  apparent  vapor 
pressure  difference  of  4 mm  Hg  is  chosen  for  calculation, 
at  a storage  temperature  of  10. 4° C.  Using  these  values 
for  the  parameters,  and  substituting  in  equation  G-l,  we 
have  the  linear  model  prediction. 

m^  = 0.1656  mg /cm2  hr 

Using  equation  5-1  for  the  curve  of  best  fit,  the 
actual  transpiration  rate  is  obtained. 

m = 0.1467  mg/ cm2  hr 

The  difference  between  the  two  predictions  is  assumed 
to  be  due  to  evaporative  cooling  effects  that  are  ignored 
in  the  linear  model.  Thus,  the  value  of  m obtained  is  used 
in  equation  4-25  to  determine  the  true  value  of  vapor 
pressure  difference.  This  procedure  yields 

ps  - p^  = 3.5427  mm  Hg 

The  vapor  pressure  reduction  due  to  evaporative  cooling 
is  then  determined. 

(Ps  - Poo)  " <PS  ' Poo)  = 4-°  - 3.5427  = 0.4573  mm  Hg 

From  psy  chrome  trie  data  (and  correcting  for  the  presence 
of  solutes),  the  surface  temperature  reduction  corresponding 
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to  the  vapor  pressure  reduction  is  determined.  For  an 
ambient  temperature  of  10. 4° C,  the  surface  temperature 
depression  is 

T - T,  = -0 . 74°C 
s b 

Next,  we  have  from  equation  4-13 


k 


s 


+ 1 


(G-2) 


where 


The  values  of  the  parameters  on  the  right  hand  side  of 
equation  G-2  are  all  known  and  are  listed  below. 


u = 0.04694  cal/cm3  hr 

R = 2.88  cm  (mean  value  for  all  samples) 

L = 590  cal/g 
mp  = 0.487  g/cm2  hr 
Cp  = 0.44  cal/ g°C 

Using  these  values  in  equation  G-2,  an  initial  estimate  of 
ks  is  obtained. 


146 


k = 1.434  cal/cm  hr  °C 
s 

This  value  of  k is  merely  a first  estimate,  and 
corrections  are  to  be  made  using  the  procedure  outlined 
in  Appendix  H. 

Calculation  of  the  value  of  kg  from  the  transpiration 

rates  of  individual  samples  may  yield  misleading  results. 

Variations  in  transpiration  rate  of  individual  tomatoes  at 

the  same  vapor  pressure  difference  may  be  due  to  variations 

in  <|>  as  well  as  k . Thus,  the  calculation  for  k is  per- 

s s 

formed  only  on  a single  transpiration  rate,  and  the  value 
obtained  is  considered  to  be  representative  of  all  pore 
material.  Thus,  no  standard  deviation  values  are 
presented  for  k . 


APPENDIX  H 


CORRECTION  OF  INITIAL  SKIN 
PARAMETER  ESTIMATES 


The  values  of  <p  and  ks  obtained  from  the  procedures 
detailed  in  Appendices  G and  H must  be  corrected  since  they 
merely  represent  first  estimates.  The  procedure  involves 
use  of  equations  4-25  and  4-13  in  an  iterative  manner.  The 
equations  are  listed  below. 


m 


(Ps  ' Pj 


(4-25) 


T 


s 


Tb  + 


f 

exp 

( n • 

Cp  * mp  * T 

ks 

L 

1 


(4-13) 


The  procedures  for  the  initial  estimation  of  <J>  and  ks 
involved  the  use  of  two  points  on  the  curve  of  best  fit. 
The  point  used  for  the  estimation  of  <j>  is  termed  point  A, 
and  that  for  estimation  of  ks , point  B.  Next,  using  the 
values  of  the  other  parameters  presented  in  Appendices  F 
and  G,  predictions  for  transpiration  rates  at  points  A and 
B are  made  from  equations  4-25  and  4-13.  The  objective  is 
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to  fit  the  two  points  on  the  curve  as  closely  as  possible 
by  appropriate  readjustment  of  <p  and  ks . Using  the  initial 
estimates,  we  obtain  the  first  prediction. 

m(at  point  A)  = 0.0388  mg/cm2  hr 

m(at  point  B)  = 0.1103  mg/cm2  hr 

The  actual  transpiration  rates  are 

m(at  point  A)  = 0.0412  mg/cm2  hr 

m(at  point  B)  = 0.1467  mg/cm2  hr 

First,  the  value  of  <p  is  incremented  so  that  a closer 
fit  is  obtained  for  point  A only.  By  a trial  and  error 
procedure , 

<p  = 0.000317 

m(at  point  A)  = 0.0397  mg/cm2  hr 

It  is  found  that  further  increases  in  the  value  of  cj> 
make  little  difference  in  the  prediction  for  point  A,  while 
resulting  in  values  for  point  B that  are  far  too  high.  Thus, 
this  value  of  <£  is  taken  to  be  the  representative  mean  value. 
The  prediction  for  point  B,  using  this  value  of  <J>  and  the 
initial  estimate  ks  is 

m(at  point  B)  = 0.1253  mg/cm2  hr 

The  values  of  ks  are  then  incremented  to  obtain  the 
best  fit  for  point  B.  The  best  value  is 
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ks  = 1.652  cal/cm  hr  °C 

m(at  point  B)  = 0.1463  mg/cm2  hr 

Thus,  the  values  obtained  for  simultaneous  best  fit 
of  points  A and  B are  used  in  the  model. 

<j>  = 0.000317 
ks  = 1.652  cal/cm  hr  °C 


APPENDIX  I 


PREDICTION  OF  TRANSPIRATION  RATE 

The  equations  4-25  and  4-13  are  used  iteratively  in 
predicting  transpiration  rates.  A sample  calculation  is 
presented  for  an  apparent  vapor  pressure  difference  of 
5 mm  Hg,  and  a storage  temperature  of  16°C.  The  equations 
used  are 


m = 


(Ps  - Poo) 

T + 1 

<5  • <i> 


(4-25) 


Ts  = Tb  + 


u • R T a, 

3 L ‘ mp 


exp 


^p  * ^P  * ^ 


- 1 


(4-13) 


m 

mp  <£ 


(4-6) 


The  values  of  the  parameters  are 


t = 0.00598  cm 
6 = 0.8914  mg/cm  hr  mm  Hg 
<f>  = 0.000317 

hd  = 0.6779  mg/ cm2  hr  mm  Hg 
u = 0.06740  cal/cm3  hr 
L = 590  cal/g 
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R = 2.88  cm 
Cp  = 0.44  cal/g 
kg  = 1.652  cal/cm  hr  °C 
Tb  = 16  °C 

psa  = 13.359  mm  Hg 
= 8 . 359  mm  Hg 

The  first  estimate  is  obtained  by  using  the  apparent 
vapor  pressure  difference  in  equation  4-25  to  calculate  m. 
The  result  is  presented  below. 

m = 0.2142  mg/ cm2  hr 

This  value  of  m is  now  substituted  into  equation  4-13 
via  equation  4-6  to  obtain  a value  for  Ts . The  result  is 

Ts  = 14. 56°C 

Equation  4-28  is  used  to  determine  the  saturation  vapor 
pressure  at  Ts , and  equation  4-29  is  used  to  correct  this 
value  to  account  for  the  presence  of  solutes.  The  result  is 

ps  = 12.176  mm  Hg 

This  value  is  then  substituted  back  into  equation  4-25 
and  the  procedure  repeated.  The  second  iteration  yields 

m = 0.1634  mg/cm2  hr 
Ts  = 14. 89°C 
ps  = 12.447  mm  Hg 
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The  third  iteration  yields 

m = 0.1750  mg/cm2  hr 
Ts  = 14. 82°C 
ps  = 12 . 385  mm  Hg 

Convergence  is  obtained  on  the  seventh  iteration,  at 
which  stage  the  parameters  stabilize  to  the  following 
values . 


m = 0.1731  mg/ cm2  hr 
Ts  = 14. 84°C 
ps  = 12.397  mm  Hg 
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